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Drylands (arid and semi-arid grassland ecosystems) cover about 40% of the 
Earth's surface and support over 40% of the human population, most of which is in 
emerging economies. Human development of drylands leads to topsoil loss, and over the 
last 160 years, woody plants have encroached on drylands, both of which have 
implications for maintaining soil viability. Understanding the spatial variability in 
erosion and soil organic carbon and total nitrogen under varying geomorphic and biotic 
forcing in drylands is therefore of paramount importance. This study focuses on how two 
plants, palo verde (Parkinsonia microphylla, nitrogen-fixing) and jojoba (Simmondsia 
chinensis, non-nitrogen fixing), affect sediment transport and soil organic carbon and 
total nitrogen pools in a dryland environment north of Phoenix, Arizona. Bulk samples 
were systematically collected from the top 10 cm of soil in twelve catenae to control for 
the existence and type of plants, location to canopy (sub- or intercanopy, up- or 
downslope), aspect, and distance from the divide. Samples were measured for soil 
organic carbon and total nitrogen and an unmanned aerial system-derived digital 
elevation map of the field site was created for spatial analysis. A subset of the samples 
was measured for the short-lived isotopes 137Cs and 210Pbex, which serve as proxy erosion 
rates. Erosional soils were found to have less organic carbon and total nitrogen than 
depositional soils. There were clear differences in the data between the two plant types: 
jojoba catenae had higher short-lived isotope activity, lower carbon and nitrogen, and 
smaller canopies than those of palo verde, suggesting lower erosion rates and nutrient 
contributions from jojoba plants. This research quantifies the importance of biota on 
influencing hillslope and soil dynamics in a semi-arid field site in central AZ and finishes 
with a discussion on the global implications for soil sustainability. 
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Drylands comprise about 40% of the Earth’s surface (Reynolds et al., 2007) and 
host over 40% of the human population (Huang et al., 2016a), most of which is in 
developing countries (UNEMG, 2011). Drylands, encompassing arid and semi-arid 
ecosystems, are places where the potential evapotranspiration exceeds precipitation 
(Noy-Meir, 1973; Huxman et al., 2005), and where droughts are common (Tietjen et al., 
2016). Using the latest climate models, researchers have determined that increases in 
global temperatures due to anthropogenic climate change will cause an expansion in 
drylands (Huang et al., 2016a; Tietjen et al., 2016). This poses dangers to communities 
dependent on local drylands for ecosystem services.  For example, an increase in 
temperature risks exacerbating the rate of desertification in these regions, 
disproportionally affecting the most vulnerable human populations (Ravi et al., 2010; 
Huang et al., 2016a).  Thus, climate change and population growth pose both a challenge 
and an opportunity for scientists to study the myriad effects and implications of a 
warming world, like desertification and the sustainability of the soil.  Agriculture and 
land development are known drivers of erosion and losses of soil organic carbon and 
nutrients, contributing to desertification and lower agricultural productivity (e.g., 
Stoorvogel and Smaling, 1990; Avni et al., 2006).  The transport of soil away from an 
area (i.e., soil erosion) can lead to reduced topsoil for plants to take root.  Soil organic 
carbon and soil nutrients (e.g., nitrogen and phosphorous) are key to understanding soil 
fertility.  Therefore, we must first investigate the interactions between sediment 
transport, soil organic carbon and nutrient pools, and vegetation. 
As the world realizes the full dangers of anthropogenic climate change, many 
have recognized the importance of climate change on the sustainability of soil (e.g., 
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Zhang and Nearing, 2005; Heimsath et al., 2009), soil production and weathering (e.g., 
Dixon et al., 2009; Norton et al., 2014), and the loss of soil organic carbon and nutrients 
(e.g., Davidson and Janssens, 2006; Nyssen et al., 2007; Kaste et al., 2011).  Many have 
also argued for the necessity to conserve soil (e.g. Pimentel et al., 1995; Montgomery, 
2007a).  It has been known for well over half a century that cultivating former 
pastureland causes losses of organic matter in the soil over time (e.g., Haas and Evans, 
1957).  In the subsequent decades, we have had to learn how to mimic nature in 
rejuvenating the soil’s nutrients. Montgomery (2008) posited how civilizations 
throughout history rose and fell due in large part to the health and abundance of their 
soils.  Alarmingly, the director of the United Nations Food and Agricultural Organization 
said that if practices remain the same, the world has only sixty harvests left on average 
(Arsenault, 2014; Bogard, 2017).  Indeed, the dangers of soil erosion and sustainability 
on our planet and society are abundantly clear. 
The physical loss of topsoil is but one process that negatively impacts soil 
sustainability.  Soil loss (i.e., soil erosion) depends on a variety of factors, including 
slope, aspect, and curvature.  Steeper slopes have a larger downward component of 
gravity, which pulls soil downslope.  The hillslopes of a ridge, with certain sides receiving 
differing amounts of insolation due to different aspect, can have correspondingly varying 
hillslope shapes (e.g., Istanbulluoglu et al., 2008).  Measurement of soil erosion can take 
the form of volumetric determinations (e.g., Hudson, 1993) or through the use of short-
lived isotopes (e.g., McCallan et al., 1980). 
Of equal importance to soil sustainability is having an adequate amount of 
resources (i.e., carbon, nitrogen, and phosphorous) contained within them (e.g., 
Scoones, 1997).  Although drylands have low soil organic carbon concentrations, their 
large areal extent means changes to this carbon pool account for large soil organic 
3 
carbon changes with global repercussions for terrestrial soil organic carbon pools 
(Throop et al., 2012b).  In the last 160 years, woody plants — shrubs and trees — have 
encroached into arid and semi-arid grassland ecosystems (Huxman et al., 2005; Wheeler 
et al., 2007; Barger et al., 2011; Throop et al., 2012b). Although the exact causes are 
debated (Van Auken, 2009), researchers have proposed land-use changes (e.g. grazing 
and fire suppression) and climate change to explain the phenomenon (Schlesinger et al., 
1990; Archer et al., 2001; Asner et al., 2004; Jentsch et al., 2011). Changes in plant 
community composition have important implications for regional and global carbon 
budgets (Pacala et al., 2001) and nutrient exchange (Hibbard et al., 2001; Scott et al., 
2006). In drylands, with typically patchy vegetation and bare soil, plants benefit from 
the transport of soil organic carbon and total nitrogen and materials between patches 
(seeds, and litter), conceptually described as “connectivity” (e.g., Throop and Archer, 
2009; Okin et al., 2015). 
 
RESEARCH PURPOSE AND OBJECTIVES 
 With the urgency of climate change and soil sustainability in mind, this study 
aims to fill gaps in our knowledge of the processes of, and interactions between, soil 
erosion, soil organic carbon and total nitrogen pools, and vegetation. To that end, this 
study uses two plant types for comparison – palo verde (Parkinsonia microphylla, 
nitrogen-fixing) and jojoba (Simmondsia chinensis, non-nitrogen fixing) – to address 
the following research questions: 1) what is the relationship between short-lived isotope 
activity, plant type, aspect, slope, curvature, distance from the ridgetop (i.e., “distance 
from divide”), and soil thickness?, and 2) what are the relationships between soil organic 
carbon, the ratio between soil organic carbon and nitrogen (C:N), location relative to 
canopy (sub- and intercanopy, up- and downslope), plant type, and aspect, slope, 
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curvature, and distance from divide?  Refer to Chapter 3 for a more in-depth discussion 
on our hypotheses addressing these research questions.  The results of this study are 
presented by discipline, with the biological findings following the geological findings.  
The discussion of the data is organized by key interpretations spanning both disciplines.  
This study is focused on a dryland ecosystem, which, next to arctic ecosystems, is at the 
forefront of changes in a warming world.  By merging the disciplines of biology and 
geology together, this study intends to form a clearer picture of the relationship between 




The “critical zone” is a term used to describe the region of the earth’s crust where 
the lithosphere, biosphere, atmosphere, and hydrosphere interact (i.e., the soil; 
Amundson et al., 2007).  When the subject of the experiment is the soil, the research 
questions raised need to reflect the inherent interdisciplinary aspect of soil processes. As 
such, this study integrates elements from both the geological and biological sciences to 
answer questions related to vegetation’s impact on hillslope processes.  This approach is 
designed to tell a more complete story of the hillslope mechanisms at the plant scale.  
Consequently, this study weaves together three different approaches: measurement of 
the short-lived isotopes in the soil as a proxy for understanding the soil transport regime 
(with a consideration of the mathematical underpinnings of soil transport), 
measurement of the soil organic carbon and total nitrogen pools in the soil to understand 
plant impacts on the patterns of these pools in the field area and, finally, the use of a 
unmanned aerial system (UAS) derived point cloud and digital elevation model (DEM) 
using structure-from-motion (SfM) software to understand the spatial variation of 
vegetation and soil thickness in the field area. 
 
SOIL PRODUCTION AND TRANSPORT 
The presence and thickness of soil, along with its concentration of organic 
material, supports a substantial proportion of life on Earth (Giller, 1996).  Researchers 
often quantify the rates of sediment transport and production (e.g., Dietrich et al., 2003; 
Michaelides and Martin, 2012) in conjunction with soil organic carbon and C:N (Yoo et 
al., 2005b; Lybrand et al., 2017) in order to properly determine the long-term 
sustainability of the soil (Whiting et al., 2001).  To study soil transport, we must 
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understand how soil is produced; extensive research on soil production shed light on this 
question (e.g., Heimsath et al., 1997; 1999; 2000; 2012; Burke et al., 2007).  In this 
study, as in Heimsath (2012), we use “soil” to describe the physically mobile layer of 
material following mechanical disruption of the underlying bedrock.  In between the 
bedrock and soil is typically a layer called saprolite, which is in situ weathered bedrock. 
Saprolite becomes soil once it is physically integrated into the soil column, such 
as achieved through bioturbation by tree throw or burrowing animals (Paton et al., 1995; 
Heimsath et al., 2001; Yoo et al., 2005a).  Broadly speaking, these physical processes are 
termed translocations, additions, or losses.  Processes at the saprolite-bedrock boundary 
leading to saprolite production also involve chemical processes, such as dissolution and 
mineral transformation, termed transformation (Heimsath, 2012).  Biological processes 
also play a big factor at these two zones; for example, plant roots direct water down the 
soil column (Brimhall et al., 1992) and exude organic acids that dissolve rock (Manning, 
2008).  Soil, created via a suite of chemical and physical pedogenic processes such as 
those described here (transformation, translocation, addition, and losses), give rise to 
horizonation and support biological systems (e.g., Paton et al., 1995).   
The processes involved in soil production are also involved with soil transport, 
and vice versa.  For instance, shallow landslides contribute to soil transportation 
(Dietrich et al., 1995), which can result in losses at the upper source region and additions 
downslope.  In areas with monsoonal weather patterns, as is typical of the American 
Southwest where this study takes place, intense yet fairly infrequent rainfall events have 
appreciable potential to drastically change the landscape, by mass removal of soil 
through rilling and gullying (Whiting et al., 2001). 
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Hans Jenny articulated that soil production is a function of time, parent material, 
topography, climate, and organisms (Jenny, 1941).  In our study, we are focusing on the 
influence of topography and biota on soil processes. 
 
CONCEPTUAL AND MATHEMATICAL MODEL OF SOIL TRANSPORT 
Gilbert (1877 and 1909) observed that hillslopes are generally convex – flatter 
close to the ridgetops and more angled farther away, such that the slope angle of steady 
state hillslopes tends to increase with distance from the divide.  Along with Gilbert, Davis 
(1892) explained how the whole hillslope, when in steady state and through the process 
of creep, tends to shed soil.  Furthermore, Davis and Gilbert both made the important 
observation that as distance from the divide increases, the amount of soil being 
transported must increase.  This process doesn’t continue for the entire length of the 
hillslope, however.  At some point along the hillslope, there is an inflection point: the 
slope stops increasing, begins to decrease, and the hill becomes a valley.  Hillslope 
erosion largely ceases, and soil deposition becomes dominant (soil can still be eroded via 
fluvial processes).  The concept of mass flux (mass per unit length per unit time), when 
applied to hillslope geomorphology, is equal to the difference between soil entering and 
soil leaving the area.  Therefore, for a simple, low elevation, parabolically shaped 
hillslope, if the amount of soil being transported downslope increases, then flux must be 
linearly proportional to slope.  Complex, larger hillslopes, with convex-up ridgetops and 
planar sides, are found to have a non-linear relationship between soil flux and slope 
(Roering et al., 1999).  In this study’s field area, the relief between the divides and valleys 
is small (i.e., on the order of 5 m).  With such gentle slopes, the relationship between flux 
and slope can be assumed to be linear (Heimsath, 2012). 
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Culling (1960) and Kirkby (1971) expanded mathematically upon, and described, 
these critical observations by parameterizing sediment flux as a function of slope, !" = $% (1) 
where !" is the sediment flux (sediment transport rate, mass length-1 time-1), K is a 
constant, representing hillslope diffusivity (mass length-1 time-1), and S is local slope 
(length length-1) (fig. 1).  Hillslope diffusion is a term that can describe physical processes 
like creep, and thus describes the movement of soil downslope (Heimsath and Jungers, 
2013). 
We recognize that the change in sediment flux over distance describes the relative 
amount of soil erosion, E, 
) = *!"*+ (2) 
where + represents horizontal distance.  In our framework, negative E represents 
divergent areas with erosion, occurring on hillslopes above the inflection point, and 
positive E describes convergent areas with deposition of soil happening below the 
inflection point.  Taking the derivative of equation (1) yields an equivalence between 
equations (1) and (2), namely, *!"*+ = $ ⋅ ./0123/04 = ) (3) 
because the derivative of slope is its curvature. 
If we assume the landscape is in local steady state, i.e., where 6768 = 0, erosion 
equals soil production: ) = %:;<	>0:?/@3;:A (4) 
Equations (3) and (4) demonstrate that, by knowing the curvature and the soil thickness 
at various points along a hillslope, we can make useful predictions of the soil production 
rates.  For example, if the landscape becomes more convergent (i.e., decreases curvature) 
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with increasing soil thickness, then we can conclude that soil production is high on the 
ridgetop (positive curvature) and diminishes towards the valley bottom (negative 
curvature) (Heimsath et al., 1997; 1999). 
 
SOIL ORGANIC CARBON AND TOTAL NITROGEN 
One measure of the soil is what is the concentration of soil organic carbon and 
total nitrogen, which is important for its overall fertility and can limit biological 
processes if the organic materials are lacking (e.g., Bationo and Buerkert, 2001).  Carbon 
from the atmosphere is converted to sugars and plant matter through photosynthesis, 
and then added to the soil through litterfall (e.g., Smith and Epstein, 1971; Schlesinger, 
1977).  Nitrogen-fixation in the soil is a process involving soil microbes in root nodules 
(Haynes, 1986; Vitousek et al., 2002), complicated by the fact that the triple covalent 
bonds of atmospheric nitrogen are difficult to break.  Once in the soil, carbon and 
nitrogen are used by organisms for metabolism and maintaining homeostasis, and can 
leave the soil through leaching (e.g., Jobbágy and Jackson, 2001), runoff (e.g., Römkens 
et al., 1973), and respiration (e.g., Schlesinger and Andrews, 2000). 
Plants are not passive occupiers of their community; rather, they change the 
concentration of soil organic carbon and total nitrogen pools in the local soils (e.g., 
Jobbágy and Jackson, 2001) as they grow (e.g., Throop and Archer, 2008).  Studying the 
effect of woody plant encroachment on soil organic carbon, researchers have determined 
that soil organic carbon increases with plant age and size (Barth and Klemmedson, 1982; 
Wheeler et al., 2007; DeMarco et al., 2016; Throop and Lajtha, 2018) and can vary 
around individual plants with distance from the bole (Throop and Archer, 2008), 
showing how vegetation affect the concentration of soil organic carbon and total nitrogen 
pools in their immediate vicinity (Jackson and Caldwell, 1993; Schlesinger et al., 1996).   
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For this study, we are concerned with the transport of soil and the hillslope-scale 
pools of soil organic carbon, total soil nitrogen, and C:N.  When soil moves, organic 
material moves with it.  Previous research noted the interplay between soil organic 
carbon and sediment transport (Yoo et al., 2005b; Nyssen et al., 2007; Ritchie et al., 
2007; Throop and Archer, 2009) and focused on measuring soil organic carbon in an 
encroached dryland (Wheeler et al., 2007; Barger et al., 2011; Throop et al., 2012a; 
2012b).  Ritchie et al. (2007) determined that upland eroding sites had less soil organic 
carbon than sedimentary sinks and that a lower slope allowed for more soil organic 
carbon to accumulate.  Soil organic carbon concentrations were found to be about 2-3 
times higher in convergent areas of the landscape as compared to ridge crest or midslope 
positions (Lybrand et al., 2017), and overall, lower positions on hillslopes are shown to 
have higher concentrations of soil organic carbon and total nitrogen (Law et al., 2012).  
Lybrand et al. (2017) also noted that soil organic carbon concentration in the soil varies 
due to movement of clay, organic matter, nutrients, and water redistribution.  In a 
laboratory experiment with soil cover and rainfall intensity as variables, Jin et al. (2009) 
found that low soil cover and high rainfall intensity yields significant losses in soil 
organic carbon and sediment via overland flow.  In our study, we treat the soil as both a 
geological object, i.e., “soil as sediment,” as well as a biological medium, i.e., “soil 







CONCEPTUAL AND MATHEMATICAL MODEL OF CHANGES IN SOIL ORGANIC 
CARBON AND TOTAL NITROGEN POOLS 
To account for soil organic carbon and nutrients like nitrogen, researchers 
employ a basic mass balance model, with the total storage equal to the inputs minus the 
decomposition and erosion (Stallard, 1998 and Yoo et al., 2006): ?%?3 = C − E% − FG.G) (5) 
where I indicates the plant inputs as net primary productivity (mass length-2  time-1) and 
kS encompasses the decomposition (k is the decomposition rate constant [time-1] and S 
is soil organic carbon storage [mass length-2]).  The FεCεE term represents erosion, where Fε is the bulk density of eroding soils (mass length-3), Cε is the mass fraction of carbon in 
eroding soils (mass mass-1), and E is the soil erosion rate (length time-1).  For our study’s 
biological component, we compare soil organic carbon, total nitrogen, and C:N values at 
various points along the hillslope to understand how vegetation affects the concentration 




We apply our conceptual frameworks to address if, and to what extent, sediment 
transport, the concentration of soil organic carbon and total nitrogen pools, and differing 
plant species, are coupled.  This study is designed to integrate aspects of geomorphology 
and biology.  As such, we have formulated hypotheses for each part of the study.  
Consideration of the processes by which soil organic carbon and total nitrogen pools 
leave the soil, however, is beyond the scope of this study.  Through the use of short-lived 
isotopes, inventory of soil organic carbon pools and C:N, and geomorphic attributes 




We hypothesize that soil thickness will increase with distance from the divide.  
Through the processes of soil transport (e.g., soil creep, burrowing, rainsplash, gullying, 
and channelized transport), soil will naturally be conveyed downslope whenever the 
slope is greater than zero (e.g., Heimsath et al., 2002; Heimsath and Jungers, 2013).  
Applying the mathematical relationships from Kirkby and others (equations 1 to 4), we 
can expect that slope angle will increase with the distance from the divide (Kirkby, 1971).  
Below the inflection point, the slope decreases and the hillslope curvature becomes 
negative, indicating deposition.  On a gentle hillslope, the sediment transport rate is low.  
But in steeper terrain, the downslope component of gravity on soil transport and erosion 
is greater.  Increasing soil transport with increasing slope is assumed for the study area.  
As a consequence of the higher rates of sediment transport on steeper slopes (above the 
inflection point), there should be more erosion compared to a flat-lying, upslope area.  
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We hypothesize that at erosional points on the hillslope, jojoba, being a thick shrub with 
tightly-woven branches, will act as an inhibitor of sediment transport whereas palo verde 
will not inhibit sediment transport to the same degree. 
If the soil thickness increases with distance from the divide, with hillslope 
curvature progressing from positive (divergent) to negative (convergent), then soil 
thickness should increase with decreasing curvature.  This implies that convergent areas 
will accumulate soil, soil organic carbon, and total nitrogen (e.g., Heimsath et al., 1997; 
Lybrand, et al., 2017). 
 
BIOLOGY 
Plant size should increase downslope, considering that lower elevations receive 
runoff and soil (and thus soil organic carbon and total nitrogen) from higher elevations.  
In addition, lower elevations would more likely be shielded from the sun, which would 
increase soil moisture.  Following this, there should be an increase in soil organic carbon 
and total nitrogen downslope.  With the addition of leaf litter, subcanopy spaces should 
have higher percent soil organic carbon and a higher C:N ratio than intercanopy areas 
(Schlesinger et al., 1996), and there should be an increase in soil organic carbon and C:N 
at distances farther from the divide (Law et al., 2012).  In support of this line of 
reasoning, Yoo et al. (2005b, 2006) found that the burial of plant matter is the main 
contributor to the hillslope soil organic carbon sink.  Thus, the larger plants farther down 
the hillslope should contribute more soil organic carbon and C:N because of their 
increased litter output.  Furthermore, given that palo verde is a legume, it is a nitrogen-
fixing plant, so more nitrogen should be found in soils below these plants.  Palo verde 
and jojoba have different leaf sizes; palo verde leaves are small but numerous, and jojoba 
leaves are thick and have a large area (Gentry, 1958).  Palo verde leaves more readily fall 
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off, especially in drought conditions (Little, 1950).  We noticed that the leaves of the palo 
verde give their subcanopy soils a light brown color due to the large amount of leaves on 
the surface.  Jojoba leaves are fleshier and are more strongly attached to the plant.  Due 
to the observed larger leaf litter output and larger overall plant size, we hypothesize that 
there will be higher soil organic carbon concentrations with palo verde.   
The field site is in an intensely sunny, hot, and dry environment, and both jojoba 
and palo verde are adapted to this climate.  This leads to the hypothesis that south-facing 
slopes in the field area will have higher sediment transport rates and more soil organic 
carbon and total nitrogen because the plants are adapted for such an intense 
environment; the plants may thrive in the sunnier and hotter parts of the landscape.  
Furthermore, winter temperatures would be warmer on south-facing slopes and 
therefore more conducive to plant growth and biological activity.  If more soil is getting 
transported away from an area, the nutrients within the soil would be transported as 
well.  Therefore, we expect soils farthest from the divide to have larger amounts of soil 




We collected soil samples in transects of the two plant types (“plant transects”).  
We also collected additional soil samples that were taken in adjacent and parallel to the 
plant transects in intercanopy spaces (“control transects”) (fig. 2).  To quantify the 
topography at a high resolution, we created a point cloud and “bare earth” digital 
elevation model (DEM) from UAS-derived images. 
 
SITE DESCRIPTION 
The field site (about one hectare, figs. 2 and 3) is located in Arizona in the Tonto 
National Forest, which lies in the Sonoran Desert and is bookended by the Phoenix 
metropolitan area to the south and the Mogollon Rim to the north. The field site is 
within the Wildcat Hill quadrangle (Skotnicki et al., 1997, fig. 4). The region is 
dominated by annual grasses, shrubs, Cylindropuntia, Larrea, Ephedra, and Prosopis, 
in addition to jojoba and palo verde. A variety of fauna inhabit the region, including 
javelina, badgers, mule and white-tailed deer, and ground squirrels. The area is granitic, 
underlain by Proterozoic granitic and metamorphic rocks with gently sloping convex-up 
hillslopes (Skotnicki et al., 1997).  The ridges are convex-up at the ridgetops but quickly 
transition to sub-convex or planar on the slopes and concave-up at the valleys.  The 
difference between the maximum and minimum elevations in the field site is roughly 54 
m.  There are some decimeter-sized quartz veins that run through the landscape with a 
meter-thick aplitic dyke bordering the western reach of the field site.  The area exhibits a 
large-wavelength southeast dip in elevation. 
Encircling the field site are well-worn dirt and gravel washes and trails, 
frequented by dirt bikes, 4x4s, and other off-highway vehicles (OHV).  There is very little 
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evidence of OHV use within the field site, as the riders remain on designated paths.  The 
region did burn several times over the last few decades and was used for livestock 
grazing in the past, although after a drought in the early 2000s, the entire Tonto 
National Forest had to be destocked.  Grazing may not have occurred at the actual field 
site for some time and seems unlikely given the popularity of the region for OHV use 
(Bender, pers. comm.).   We assume that wildfires have occurred in the field site proper 
at various points in the past, although there hasn’t been one for over a decade, as the 
most recent significant fire to occur in the region did not reach the field site (2005 Cave 
Creek Complex Fire).  The presence of large multi-limbed saguaro cacti in the field site 
suggest that fire has not occurred in the field area for at least 100 years (Rogers, 1985). 
The field area experiences a monsoonal precipitation regime, typical for the 
region, with the largest storms in the late summer months and smaller storms in the 
winter (Maricopa County Rainfall Data).  The region averages 72°F and receives an 
average annual precipitation of almost 16 in. (with a monsoon average rainfall of almost 
5 in.) (Maricopa County Rainfall Data). Burrows are extensive in the landscape, which 
complicated the sample site selection.  We noted that ants and small mammals create 
burrows of varying scales in the field site.  We took care in avoiding recently burrowed 
areas for our sample locations.  In some swales between the hillslopes, there are gullies, 
some of which are deeply incised to about 2 m.  Although not extensive, some hillslopes 
have incipient rills.   
 This field site was chosen for a number of reasons.  Logistically, the site is within 
a short driving distance to the laboratories at ASU used in this study, which made for 
efficient fieldwork.  More importantly, the sample locations are undisturbed by humans, 
homogenously underlain by granite parent material, and fit our conceptual framework 
for a semi-arid landscape. 
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FIELDWORK 
The sampling strategy used here is modified from that of Law et al. (2012) to 
control for influence of vegetation type and proximity, hillslope position, and aspect (fig. 
2).  We collected bulk soil samples on transects from east-west oriented hillslopes (i.e., 
north- and south-facing).  We collected all samples using a 40 cm long, 5 cm wide 
cylindrical steel tube, used as a device to take 10 cm long bulk soil cores from the surface 
of the soil.  By taking bulk soil samples rather than sequential depth samples, we 
prioritized high areal resolution on a hillslope over vertical resolution, which allowed us 
to understand the larger hillslope-scale patterns.  In support of taking bulk 
measurements, Matisoff et al. (2002) found that the highest concentrations of 137Cs and 
210Pbex are in the top 10 cm of undisturbed (i.e., uncultivated) soil.  Likewise, soil 
nutrients and organic material decrease with depth (rooting depth notwithstanding) 
(Jobbágy and Jackson, 2001).  We brushed away loose rocks, leaves, and other material 
before sample collection with the corer. 
With two plant types, two aspect directions (north and south), and three 
replications, we collected soil samples from a total of twelve transects (fig. 3, note that 
ten profiles are shown, some of which have both the north- and south-facing transect 
included in them).  The transects followed each plant species, passing through inter- and 
subcanopy spaces along a catena progressively downslope (“plant transects”).  At close to 
the same distance from the hillslope as the plant transects, but adjacent to them, we 
collected more samples (“control transects”) (fig. 2).  The transects were located on 
hillslopes of planar to sub-convex in shape.  Each transect consisted of three jojoba or 
three palo verde plants, spaced at each third of the hillslope beyond the ridgetop.  
Samples were given the names Top, Middle, and Bottom to correspond to the different 
locations on the hillslope.  From ridgetop downwards, we collected the plant transect 
18 
samples in the following pattern: RT (ridgetop, one homogenized sample, ridgetop 
locations had one centimeter or less of soil, so for those samples we collected soil in the 
area the size of our field notebooks, 201.25 cm2, to a depth of 2 cm), Top-subcanopy (two 
upslope and two downslope samples, individualized), Top-Middle (one homogenized 
intercanopy sample located between the Top and Middle plants), Middle-subcanopy (two 
upslope and two downslope samples, individualized), Middle-Bottom (one homogenized 
intercanopy sample located between the Middle and Bottom plants), Bottom-subcanopy 
(two upslope and two downslope samples, individualized), and Bottom-Bottom (one 
homogenized intercanopy sample located below the Bottom plant).  We collected the 
control transect samples thusly: Top-intercanopy (one homogenized sample collected at 
an equivalent distance from the divide as the Top-subcanopy), Middle-intercanopy (one 
homogenized sample collected at an equivalent distance from the divide as the Middle-
subcanopy), and Bottom-intercanopy (one homogenized sample collected at an 
equivalent distance from the divide as the Bottom-subcanopy).  Sometimes, the soils 
were moist during sample collection, so while we were collecting the samples in the field, 
we left the sample bags open and in the shade to start the process of air drying.  When 
back in the laboratory, we placed the samples in storage at room temperature with the 
sample bags open so that they could continue air drying.   
We took one reference site sample, located about 350 m west of the field site 
(approximate location: N33°50’5.9”, W111°48’9.9”).  This area was flat-lying so we could 
assume that the soil was not being transported away and was thus representing a non-
eroding site.   
We collected subcanopy samples one-third to one-half of the distance from the 
bole to the dripline.  This distance was chosen because the soil organic carbon 
concentration is most representative when weighted across the entire canopy (Throop 
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and Archer, 2008).  For intercanopy samples, we picked locations that were within or 
close to the line of the transect, away from prominent vegetation and roots, while 
maintaining as equal a distance as possible between the plants (fig. 2).  Every core that 
we took for the subcanopy samples corresponded to one sample in our dataset, but for 
each intercanopy sample, we took four cores and homogenized them in the field.  The 
subcanopy samples were individualized to account for the natural variation in soil 
organic carbon for subcanopy soils (Throop and Archer, 2008) and because we 
hypothesized that there would be a difference in soil organic carbon and C:N in samples 
from subcanopy soils upslope and downslope of the bole.  The intercanopy samples were 
homogenized in an effort to limit the number of samples while still capturing the 
variation in soils. 
We took soil thickness measurements by digging soil pits, and measuring the 
depth from the top of the soil to the saprolite.  Soil pits were collected roughly every 
three meters in the horizontal directions (x- and y-axis), covering the area and a few 
meters to the left and right of the transect.  We chose this interval as we deemed it to be 
an appropriate balance between coarse and fine scales (Heimsath et al., 1999).  We 
scanned in all soil thickness measurement locations using a ground-based real-time 
kinematic laser scanner.   
We began soil sample collection in March, 2017, and finished by the middle of 
November, 2017, with thickness measurements and scanning happening concurrently 
during that period. 
 
SHORT-LIVED ISOTOPES 
Crucial to the understanding of connectivity in drylands and the overall 
sustainability of soils for future generations is determining the rates and processes of 
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sediment transport (i.e. erosion) on hillslopes. One way to do this is by using sediment 
traps to empirically measure the sediment moving downslope.  Another method uses 
proxies to determine the soil transport rates, namely fallout- and atmospherically-
derived short-lived isotopes, including: 210Pb (t1/2 = 22.3 years) and 137Cs (t1/2 = 30.08 
years) (e.g., Bonniwell et al., 1999; Kaste et al., 2007; Heimsath, 2012; Perreault et al., 
2017).  Comparing the isotopic activity from a flat non-eroding reference site to the 
target hillslope or field site, we can estimate the rate of removal of soil (Lowrance et al., 
1988).  With these short-lived isotopes, we can track the redistribution of soil on decadal 
timescales to within the last 100 years (Kaste, et al., 2006).  This is made possible by the 
fact that these isotopes readily adsorb onto soil clays, and once attached, are not easily 
removed (Nagle and Ritchie, 2004; O’Farrell et al., 2007).  Thus, short-lived isotopes are 
beholden to the soil particle for movement (O’Farrell et al., 2007).  By tracking the 
activity, or the decay, of short-lived isotopes, we can understand what the associated soil 
movement patterns are.   
As fallout nuclides are deposited by rainfall, variations in micro- and 
macroclimate (e.g., patchiness of precipitation in a landscape, differences in soil 
permeability, or the effect of a rainshadow) can affect the accuracy of the data (Wallbrink 
and Murray, 1996).  Therefore, it is important to select the correct suite of short-lived 
isotopes to fulfill the research goals.  Previous studies utilizing short-lived isotopes 
focused on agricultural (e.g., Walling and He, 1999b), forested (e.g., Kaste et al., 2007) or 
pastoral (e.g., O’Farrell et al., 2007) landscapes, for example.  Research near the 
Chernobyl exclusion zone determined that fire can resuspend radionuclides into the 
atmosphere (Yoschenko et al., 2006).  This has implications for the distribution of 
radionuclides in areas that are prone to wildfires, like the American Southwest. 
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To produce 210Pb, the natural 238U decay series yields 226Ra (t1/2 = 1622 years), 
which decays into 222Rn (t1/2 = 3.8 days) and then further decays into 210Pb (Walling and 
He, 1999b; Bonniwell et al., 1999).  226Ra exists naturally in soils and rocks, especially of 
granitic origin.  The 210Pb generated by the decay of 226Ra is termed “supported” 210Pb 
and is in equilibrium with 226Ra (Walling and He, 1999b).  At the same time, some 210Pb 
that decays from 222Rn is diffused from below the surface up towards the atmosphere 
(Walling and He, 1999b).  The subsequent fallout, which is not in equilibrium with its 
parent 226Ra, is termed “unsupported” or “excess” 210Pb.  To calculate 210Pbex, we subtract 
226Ra from total 210Pb (Walling and He, 1999b; Perreault et al., 2017).  This 
determination of 210Pbex assumes a closed system in the minerals in the soil, which 
introduces imprecision between 0-20% (Kaste, pers. comm.).  The error cannot be 
calculated with more confidence unless extensive radon emanation tests or study of the 
210Pb/226Ra ratios in deeper soils at the site in question is performed (Kaste, pers. 
comm.). 
Conversely to 210Pbex, 137Cs is derived through nuclear bomb explosions, and as 
such, was delivered to the soil in a relatively short time window (Walling and He, 1999a; 
Kaste et al., 2007; O’Farrell et al., 2007).  137Cs is typically enriched at depth due to the 
cessation of atmospheric testing of nuclear bombs following a maximum in ca. 1963 and 
the subsequent natural and constant mixing of soils (Walling and He, 1999a; Whiting et 
al., 2001; Kaste et al., 2007).  Therefore, higher concentrations of 137Cs are found in soils 
at mid-latitude regions in Europe and North America (Walling and He, 1999b). 
Given the nature of two of the three components of this study – quantifying soil 
erosion using short-lived isotopes and measuring soil organic carbon and total nitrogen 
pools – some samples went through two processing steps.  But first, we dried, sieved to < 
2 mm, separated, bagged and labeled, and then weighed all of the samples.  Using 
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tweezers or our hands, we removed visible organic material, including leaves, stems, 
rootlets, and insect casings.  We measured samples for short-lived isotope activity, and 
soil organic carbon and total nitrogen, following the methods by Heimsath (2012) and 
Throop et al. (2012a, 2012b), respectively.   
After being sieved to < 2 mm, we placed a part of the sample into a labeled and 
empty petri dish, with the date of sample packing written onto the dish.  After sealing 
with duct tape, we weighed the petri dish.  The petri dish requires 80-100 g of sample to 
be full, depending on the density of the soil sample.  If there wasn’t enough soil, then we 
crushed to < 2 mm an appropriate amount of the > 2 mm fraction and added it to the 
petri dish.  We used the petri dishes to measure for short-lived isotopes. 
In order to measure the quantity of short-lived isotopes in a sample, we used 
germanium detectors (e.g. Canberra BE3830, http://www.canberra.com).  Germanium 
detectors (“Ge detectors”) are given this name due to the high-purity germanium crystal 
within the unit.  This machine can detect a range of high-energy particles.  Using 
supported software and the appropriate configuration, the Ge detectors enable 
measuring short-lived isotope activities. 
Our study has over 200 individual soil samples taken from twelve catenae, from 
ridgetop to near valley bottom (fig. 2).  A brute-force method of data collection, i.e., 
measuring each sample, is one data collection path, but a targeted data collection 
approach may yield the same answers in less time.  Therefore, since data collection per 
sample can take upwards of 24 hours depending on the geometry of the sample, we 
chose a subset of the samples to be run on Ge detectors.  We settled on two categories of 
the samples to be run (table 2): Those within the transects of the plants and those away 
from plants in intercanopy space.  We measured the samples from close to the ridgetop 
(TM samples), from close to the valley bottom (BB samples), and in between (MB 
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samples), to test whether there are differences in the data.  The samples taken in 
intercanopy space (at roughly the same distance from the divide as the TM, MB, and BB 
samples) were collected to control for the influence of the plants.  A sample collected 
from a flat-lying area served as a reference sample to account for the total inventory of 
short-lived isotopes in the field area.   
We sent these samples to a lab at the College of William & Mary to be run on Ge 
detectors.  Once there, a lab technician encased the samples in paraffin wax to prevent 
leakage of radon.  The technician also recorded other ancillary but important 
information for each sample, namely the date of sample collection, sampling location 
and average precipitation, mass packed, and sample depth increment.  This information 
was used to decay-correct the samples to the time of collection.  Running the samples in 
the Ge detectors did not happen immediately after the samples were collected; this was 
deliberate and follows the recommendation of Walling and He (1999a).  This is done to 
allow radon to accumulate inside the sealed container.  The short-lived isotopes 
measured in this study were 137Cs and 210Pbex. 
 
SOIL ORGANIC CARBON AND NITROGEN 
 Soils are the largest terrestrial pool of earth’s labile carbon (e.g., Batjes, 1996), 
and are fundamental vectors of plant nutrients (e.g., nitrogen), a key chemical that 
supports plant metabolism (Ryan and Law, 2005).  The majority of carbon is stored 
belowground (Schlesinger, 1977) and is closely related to patterns of nitrogen in the 
landscape (Murty et al., 2002).  With such a large reservoir of carbon and nitrogen in the 
soil, it is important to understand the impact of soil respiration on overall emissions of 
carbon and nitrogen oxides (e.g., Wang et al., 2018a) as well as the impacts of cultivation 
on soil organic carbon and nitrogen (Tiessen et al., 1982 and Sparling, 1992). 
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Using a 2 mm splitter for all sample separation, we placed up to 15 g of each 
sample in a bag.  The samples measured for short-lived isotopes were also measured for 
soil texture, following the workflow from Kettler et al. (2001). 
Prior to measuring C and N concentration in a Costech elemental combustion 
analyzer (“ECA,” Elemental Combustion System 4010; Costech Analytical Technologies, 
Valencia, CA, USA), we crushed approximately 1 g of each sample using a mortar and 
pestle and sieved to below 180 µm.  We then bagged, labeled, and oven-dried the crushed 
sample at 60°C for up to 24 hours.  We weighed the samples, once crushed and air-dried, 
to between 15-30 µg in small silver capsules and loaded them onto glass trays (smaller 
masses were weighed if initial values of carbon and nitrogen were too high).  We 
measured all samples in duplicate or triplicate, treating each as analytical replicates.  We 
did this to account for inherent instrumental variability, as we assumed the samples to 
have already been homogenized via the sieving and splitting as described above. 
We put the samples in the glass trays through an acid fumigation procedure, the 
methods of which are adapted from Harris et al. (2001).  Acid fumigation is important in 
that it removes inorganic carbonates from desert soils, leaving only the organic carbon to 
be measured.   
After acid fumigation, we placed the samples into tin capsules, and then folded 
and loaded them into the ECA.  The addition of the tin capsules over the silver ensures 
that the capsules will not break during folding, leaking their contents and rendering the 
prepared sample unusable.  The ECA combusts and analyzes each sample for six 
minutes, measuring the gas products.  Using standards that run through the sample 
queue at regular intervals, the associated ECA software produces values for bulk percent 
carbon and bulk percent nitrogen in the sample.  We post-processed the data, generating 
a corrected percent carbon and nitrogen and checking for errors in the measurement. 
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Once the data was collected, we removed extreme outliers (e.g., carbon values above 70 
mg / g soil) from our datasets.   
 
UAV SURVEYING AND GIS PROJECT 
In the last decade or so, technological advances in UAV design and image 
processing algorithms (e.g., SfM photogrammetry) have permitted improved 
topographic mapping and close-range remote sensing for the scientific community.  
Logistically, this has improved both the range, efficiency, and resolution of terrain 
mapping for geomorphic and ecological research, compared to traditional field surveying 
methods.  Commercial software now exists that allows SfM photogrammetry algorithms 
to construct three-dimensional digital surface models (DSM, which include vegetation) 
as well as DEMs of “bare earth” (no vegetation) landscapes that are captured as “point 
cloud” datasets with x, y (positional) and z1 (elevation) data, in addition to other z2-n 
attributes, such as RGB colour, near infrared, or other spectral signatures of surface 
properties. In addition, the SfM software orthorectifies and georeferences the imagery to 
create a single orthophoto mosaic that is useful for subsequent GIS analysis. 
Other software packages are able to isolate and remove the vegetation from the 
point cloud, leaving the bare ground (e.g., LAStools, https://rapidlasso.com/lastools/).  
For this study, however, we had to manually delete the vegetation and extraneous 
boulders.  To do this, every hump in the point cloud (from small rocks and grass tufts to 
large boulders and trees) was inspected from different angles and from different color-
schemes (e.g., toggling RGB layer on and off) to determine if it constituted the lowest 
ground point return, or if it was from a rock or plant.  In addition, every hump was 
compared to the larger shape of the hillslope.  Since we were concerned with the overall 
geomorphic processes, we needed the large-wavelength bare-ground shape of our field 
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site.  This manual deletion method was chosen over software-based filters due to the 
density and amount of minor shrubs and grass tufts that overwhelmed the software or 
were classified incorrectly.  Isolation of the vegetation is useful for ecologists wishing to 
analyze the plant types in a region.  Removal of the vegetation gives geomorphologists 
unimpeded views of the “bare earth” surface topography.  Once the topography is 
isolated, geomorphologists can predict the patterns of soil transport that are expected to 
occur along the hillslopes.  Our study used a bare-ground DEM to conduct the 
geomorphic analyses.   
To generate a map of our field site, we started by collecting high resolution 
(approximately 1.16 cm per pixel) aerial photos of the entire field site from a UAS 
imagery using Agisoft PhotoScan software, with the imagery collected using a DJI 
Phantom 4.  We established twelve ground control points (GCPs) to create the DEM, 
spaced evenly throughout the field site and incorporating both high and low elevations 
(table 1).  The GCPs were mapped with a survey-grade differential GPS (dGPS) system.  
We used the WGS84 coordinate system for our UAS survey, with the final mapping 
products converted to the NAD_1983_HARN_StatePlane_Arizona_Central_FIPS_0202 
coordinate system (units in meters) in ArcMap.  The UAS flew at height and captured 
images from its onboard camera, allowing for overlap of the images (about 70% over- 
and side-lap).  The flight path and method of picture capture were pre-programmed 
using the Pix4D software.  The camera was approximately 70° off nadir angle to allow for 
parallax for proper SfM processing.  The UAS survey took place in early December 2017.  
We fed the UAS pictures into Agisoft PhotoScan and identified the GCPs in the photos so 
that the software could build a point cloud.  From the point cloud, we generated a high 
resolution (approximately 2 cm per pixel) bare-earth DEM of the entire field site.  In 
ArcMap, we resampled the DEM to 3 m by 3 m.  Coarser scales lacked appropriate detail, 
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and finer scales showed too much noise on the hillslopes (following Heimsath et al., 
1999). 
We used the point cloud-derived DEM and imagery of the field site to conduct 
spatial analyses of the field site and to map the sample and plant locations.  To survey 
our soil thickness measurements, we used a separate Leica dGPS system.  We corrected 
the dGPS data of the base station from our soil thickness measurement locations in the 
OPUS online tool run by NOAA, and then corrected the rover measurements in the Leica 
GeoOffice application.  The age of manufacture of the Leica dGPS unit used for soil 
thickness mapping meant that further manual corrections had to be done on ArcMap 
using the roughly 2 cm resolution orthoimage.  We acknowledge that this is a source of 
uncertainty and error, but with such a high resolution orthoimage, we could confidently 
approximate the sample locations.  We then used an inverse distance weighted (“IDW”) 
method to interpolate a raster layer of the soil thickness measurements to help us 
compare how the soil thickness measurements vary on the hillslope and field area scale.  
The default ArcGIS parameters were used for the IDW interpolation. 
Additionally, using the orthoimage, we mapped the locations of the plants and 
sample locations in the transects.  For some of the datasets, like the soil thickness 
measurements, we added a column containing a qualitative assessment as to where the 
depth measurements were located (i.e., Top, Middle, Bottom; jojoba or palo verde; 
intercanopy or subcanopy, etc.), which is relevant to our analysis and research questions.  
We used all of these shapefiles to extract slope, curvature, and aspect values from the 
underlying DEM.  Finally, we created the figures for this study by appending the spatial 
data to the lab data (lab methods discussed in following section) and then plotting them 
using the ggplot2 package in the R coding environment.   
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Using our 3 m by 3 m DEM, we created ridgelines using GlobalMapper and then 
exported them into the study’s ArcMap project.  We wanted to automate (rather than 
through manual means) the process of finding the ridgelines so that we could ensure we 
generated a ridgeline shapefile with consistent rules.  This functionality was not available 
for the version of ArcMap that we used.  We used these ridgelines to calculate the 
distance from the divide (i.e., the line of the ridgetop proper, not to be confused with our 
ridgetop sample locations) in the results. 
We also use the remotely-derived data to investigate the effects of plant density 
and complement our field-based data.  By having orthoimages of the field site, we were 
able to make qualitative assessments of the patterns we see from the ground and 




DATA MANIPULATION AND PRESENTATION 
With the large amount of analytical repetitions and in order to enable proper 
comparisons, we condensed the datasets and took the means of the soil organic carbon 
and total nitrogen data to equalize the various experimental treatments.  As such, we 
averaged upslope samples from the same plant and averaged downslope samples from 
the same plant.  When necessary, we averaged the upslope and downslope samples to 
compare between the subcanopy and intercanopy samples located at the same hillslope 
position.  Some figures show the full dataset, while others show the condensed versions.  
Below, we lay out the results of our study, grouped by subject.  We start with the 
geomorphology of our field site, then describe our short-lived isotope data, our soil 
organic carbon and nitrogen data, then finish with the soil and plant physical properties 
measured in the field and lab. 
 
GEOMORPHOLOGY OF FIELD SITE 
Within our transects, the hillslope angles ranged from 1.5-20 degrees with a 
mean of 12 ± 3.9 degrees (fig. 3).  Curvature values in the transects of our site ranged 
from -27 to 15 cm-1 with a mean of 1.6 cm-1.  There are two prominent, deep (2 m) gully 
reaches and one wash (2-3 m wide) in the field site.  There are some rills on the order of 
0.1 m on some of the hillslopes.  We didn’t quantify the amount, but rilling is not 
extensive.  Likewise, we did not quantify the amount of burrows, but there were about 
five to ten burrow holes near some jojoba, and there seemed to be more burrows 
downslope of the plants.  Burrow mounds were also plainly visible in these areas.  
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Depending on the season, the soils were moist and grasses, prevalent in the field site, 
were particularly numerous in subcanopy areas. 
The broad, gently convex-up ridgetops are largely free of vegetation.  At these 
ridgetops, there is usually a thin layer of grus with the saprolite exposed at the surface in 
many locations.  From the ridgetops to the edge of the valley is about 20 m.  The relief of 
the ridgetops is on the order of 5 m.   
Soil thicknesses were highly variable but increased with decreasing curvature (fig. 
5).  Soil thicknesses also increased with distance from divide, although there was high 
variability at the same distance from the divide. 
 
SHORT-LIVED ISOTOPES 
We used the reference site sample to correct for the total short-lived isotope 
inventory of a site assumed to be minimally eroded by subtracting from each sample the 
corresponding nuclide amount in the reference site sample (table 2).  For this study, we 
had 24 samples plus one reference site sample (table 3).  Since the reported activity is 
relative to the reference site, positive values indicate deposition and negative values 
indicate erosion.  With a small dataset, we were not able to observe significant findings; 
however, there were differences in the means for the two plants which suggested a trend 
that may be confirmed in a future study involving more samples.  A simple linear 
regression on the short-lived isotope data yielded a strong positive correlation for 137Cs 
versus 210Pbex (R2=0.75) (fig. 6).  To present this data, we compared the short-lived 
isotopes for each plant, taking the means so that there were two data points per isotope.  
Jojoba samples had more positive mean activity values than palo verde for both 137Cs 
(jojoba: 2.5 ± 0.62 and palo verde: -1.9 ± 1.4 Bq/kg) and 210Pbex (jojoba: -13 ± 2.0 and 
palo verde: -23 ± 4.2 Bq/kg).  When we compared the 137Cs and 210Pbex data, we observed 
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that the resultant 137Cs values (0.28 ± 0.88 Bq/kg) were much lower in magnitude than 
the 210Pbex values (-18 ± 2.5 Bq/kg).  The 137Cs activities in our samples were close to zero, 
which means that the reference site had about the same activity. 
The mean short-lived isotope values separated by hillslope position and plant 
type showed a mixed finding for both 137Cs and 210Pbex (fig. 7).  For the 137Cs dataset, the 
standard deviation error bars for palo verde had a larger range than jojoba.  The 137Cs 
jojoba values largely remained positive while palo verde were negative, whereas for the 
210Pbex dataset, all data were negative.  For 137Cs, the plant transect (TM, MB, BB) 
concentration of short-lived isotope activity decreased downslope, but the control 
transect samples did not show this trend.  The 210Pbex activity for palo verde decreased 
downslope for both plant and control transects.  Moreover, palo verde had universally 
lower means of both short-lived isotopes compared to jojoba. 
The impact of aspect (fig. 8) on the full 137Cs (north: 0.04 ± 1.0; south: 0.52 ± 1.5 
Bq/kg) and 210Pbex datasets (north: -18 ± 3.1; south: -18 ± 3.9 Bq/kg) was not significant.  
However, the data suggested that when split by the two plant types, there was a 
preference for more positive short-lived isotope activity in jojoba and more negative 
activity for palo verde.  The means for north and south for 137Cs were both low, although 
as a whole, south-facing samples had higher absolute value of activity (jojoba-south: 3.6 
± 0.75; palo verde-south: -2.6 ± 2.3 Bq/kg) than north-facing samples (jojoba-north: 1.3 
± 0.78; palo verde-north: -1.3 ± 1.8 Bq/kg).  The north and south means for 210Pbex were 
similarly almost identical, yet here north-facing samples had higher absolute activity for 
jojoba (jojoba-north: -16 ±; palo verde-north: -20 ± 5.9 Bq/kg) and for palo verde,south-
facing samples were higher in absolute value (jojoba-south: -11 ± 0.75; palo verde-south: 
-25 ± 6.2 Bq/kg).  As mentioned above, there was a clear pattern in the means of more 
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negative activity in palo verde samples.  However, the palo verde error bars were larger 
and, in some instances, encompassed most of the full standard deviation range of jojoba. 
 When both the north- and south-facing short-lived isotope datasets were 
averaged then plotted against the corresponding mean slope, mean curvature, and mean 
distance from divide, we saw similar patterns in the differences between the two plants 
when separated by hillslope position (fig. 9A and B for 137Cs and 210Pbex, respectively; see 
Appendix figs. S2A, S2B, and S2C for expanded dataset).  Although the standard 
deviation error bars were large, especially for palo verde, the data show that palo verde 
was consistently lower in activity than jojoba.  The range in 137Cs value for jojoba and 
palo verde was 6.5 and 17 Bq/kg, respectively.  For 210Pbex, the range for jojoba and palo 
verde was 21 and 40 Bq/kg, respectively.  On palo verde transects, the hillslope angle 
increased while activity decreased and the lowest activity was at TM/Top or MB.  This 
relationship between slope and activity was reversed for jojoba, where increases in slope 
led to slight increases in activity.  The hillslope became more erosional (more positive 
curvature) with decreasing activity for palo verde, with the BB/Bottom samples having 
the highest amounts of activity.  The relationship between curvature and activity with 
jojoba was less clear.  Finally, activity increased with distance from divide, a trend shared 
by both jojoba and palo verde non-plant transects.  For these jojoba transects, there was 
a decreasing activity trend with increase in distance from divide.  We discuss these 
results below, in chapter 6. 
 
SOIL ORGANIC CARBON AND TOTAL NITROGEN POOLS 
There was a strong correlation between carbon and nitrogen in the dataset (R2 = 
0.82, fig. 10).  We measured the mean carbon content to be 14 ± 0.41 mg / g soil and the 
mean nitrogen content to be 1.3 mg / g soil ± 0.04.  We measured the mean C:N value for 
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the entire dataset to be 11 ± 0.10.  There was a clear difference in the carbon and nitrogen 
when separated by plant type, with palo verde being larger in C (palo verde: 18 ± 0.63 
mg / g soil, jojoba: 11 ± 0.47 mg / g soil) and N (palo verde: 1.6 ± 0.06 mg / g soil, jojoba: 
1.1 ± 0.04 mg / g soil).  The mean C:N values for palo verde and jojoba were not different 
(palo verde: 11 ± 0.12, jojoba: 11 ± 0.16). 
South-facing palo verde samples had higher mean carbon than the north-facing 
samples (north: 16 ± 0.75 mg C / g soil and south: 21 ± 1.02 mg C / g soil) (fig. 11).  
South-facing palo verde samples also had higher mean C:N values (north: 11 ± 0.20 and 
south: 11 ± 0.11).  The opposite relationship was true for jojoba, where north-facing 
samples were higher in carbon than south-facing samples (north: 13 ± 0.71 mg C / g soil 
and south: 10 ± 0.61 mg C / g soil).  The differences for jojoba in the C:N dataset were 
smaller (north: 11 ± 0.22 and south: 11 ± 0.22).  Ridgetop samples had the lowest mean 
carbon value.  Jojoba RT samples were also lower than palo verde RT.  We should note 
that due to our sampling strategy, there were fewer samples from RT locations than from 
north- or south-facing locations (table 4).  For the carbon dataset, the means and their 
error bars did not overlap for RT, TM, MB and Bottom.  The categories in the C:N 
dataset were not different from each other, as the error bars overlapped. 
Overall, mean carbon increased downslope when the dataset was separated by 
position, but there appeared to be a maximum in the middle regions of the hillslope for 
both plants, which tapered to the top and bottom of the hillslope (fig. 12).  RT samples 
had the lowest values.  BB samples were lower than Bottom samples, which was also true 
more generally across plant positions (Top, Middle, Bottom) and intercanopy space (TM, 
MB, BB): Subcanopy samples held more carbon and nitrogen than intercanopy space 
samples.  Jojoba samples had less mean carbon in all categories.  The C:N data showed 
an increase in the ratio downslope but reached a maximum by the TM category.  In the 
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soil organic carbon dataset, the error bars for RT, TM, MB, and Bottom positions for 
jojoba and palo verde did not overlap.  For the C:N dataset, the only categories where the 
error bars did not overlap are TM and Bottom. 
Using the condensed dataset, as described above, we compared the influence of 
the plants themselves on the concentration of soil organic carbon and total nitrogen at 
the various points along the hillslopes by obtaining the difference between the same 
plant and control transect positions (e.g., Top-Subcanopy minus Top-Intercanopy; fig. 
13; table 4).  We plotted the means of all the samples from plant transects (Top 
subcanopy, Middle subcanopy, and Bottom subcanopy) and the means of all samples 
from control transects (Top intercanopy, Middle intercanopy, and Bottom intercanopy), 
and then subtracted the intercanopy from the subcanopy (e.g., [Top-subcanopy] – [Top-
intercanopy]).  We then converted the difference between top-subcanopy and top-
intercanopy to percent change.  In the soil organic carbon dataset, palo verde started 
lower than jojoba at the Top position (jojoba: 55 ± 1.9, palo verde: 48 ± 1.7), but 
increased to a greater value than all the other categories at the Bottom position (jojoba: 
60 ± 2.0, palo verde: 71 ± 2.3).  Jojoba did increase overall from Top to Bottom of the 
hillslope, but the highest was the Middle position, which evoked the trends discussed in 
fig. 12.  When we compared the plants to one another at each position, palo verde was 
different than jojoba and the error bars did not overlap.  We did not plot C:N using this 
differencing method because the utility of such a visualization is limited. 
 There was a very clear pattern of higher soil carbon in subcanopy samples (fig. 
14).  The distinctions between categories in the C:N dataset were not different, as the 
error bars overlapped.  When we compared the two plant types, we saw how palo verde 
samples were higher in soil organic carbon than in jojoba.  The mean carbon values for 
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jojoba and palo verde were different for intercanopy (6.3 ± 0.47 and 11 ± 1.5, 
respectively) and subcanopy (15 ± 1.2 and 21 ± 1.2, respectively).   
Samples taken on the downslope side of plants have higher concentration of soil 
organic carbon than those taken on the upslope side (both are in subcanopy space) (fig. 
15).  Palo verde had higher measured soil organic carbon than jojoba for each category.  
Jojoba and palo verde were different from each other, and their error bars did not 
overlap.  Jojoba upslope and jojoba downslope were different from one another and the 
error bars also did not overlap (jojoba upslope: 12 ± 1.4, jojoba downslope: 18 ± 1.7).  
Palo verde were not meaningfully different between up- and downslope because the 
error bars overlapped.  The intercanopy samples were the lowest and different from the 
upslope and downslope categories.  C:N was not different for upslope, intercanopy, and 
downslope sides of the plants. 
There are twenty categories of samples for the entire soil organic carbon dataset 
(table 4).  When we plotted the mean soil organic carbon against the corresponding 
mean slope (degrees), mean curvature (1/cm), and mean distance from divide (m), we 
showed how these independent variables affected the amount of soil nutrients (fig. 16).  
As the slope increased, soil organic carbon and C:N increased.  The C:N values peaked at 
around 12, while the soil organic carbon data suggested an exponential-style relationship 
between slope and soil organic carbon.  The subcanopy samples were the largest for soil 
organic carbon, while the intercanopy samples had the largest carbon to nitrogen ratio.  
There was a visual difference between jojoba and palo verde for soil organic carbon, 
while the differences between the two plants were unclear for C:N.  For curvature versus 
soil organic carbon, the peaks in nutrients were for samples located at zero curvature.  
Here too, palo verde had higher soil organic carbon values than jojoba.  There was a 
weak trend of increasing curvature with decreasing soil organic carbon.  This trend was 
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more pronounced for the C:N data.  Starting at a value of about 12, the C:N decreased 
with increasing curvature.  As the distance to divide increased, the inventory of soil 
organic carbon increased.  There was a divergence in the values for soil carbon, however, 
in that palo verde samples had higher overall soil organic carbon and C:N than jojoba.  
For C:N, there was an asymptotic nature to the data points, in that they converged 
towards about 11.5 C:N by about 10 m from the divide.  This ratio did not meaningfully 
change after this point.  Furthermore, the subcanopy samples contained more soil 
organic carbon and C:N than intercanopy samples.  There was no clear difference 
between jojoba and palo verde for the C:N dataset. 
 
SOILS AND PLANT PHYSICAL PROPERTIES 
In addition to the soil organic carbon and total nitrogen and the short-lived 
isotope datasets, we also gathered data including the soil thickness, heights and widths 
of the canopies of the target plants in the transects, and soil texture (percent by mass of 
sand, silt, and clay, measured for the same subset of samples that we measured for short-
lived isotopes; fig. 17, see table 5 for links to full datasets, and see also Appendix figs. S3 
to S6 for soil thickness data, S7 to S10 for plant morphology data, S11 for bulk density 
histogram, S12 to S16 for expanded CN data, S17 to S22 for soil texture data).  To 
compare across the different units and magnitudes of the categories in our ancillary 
dataset, we normalized the data to the palo verde measurements.  The corresponding 
palo verde was set to 1.  By doing this, we observed that palo verde transects had 
proportionally higher soil thickness (jojoba: 85% of palo verde).  Canopy heights and 
widths of palo verde were higher as well (jojoba: 48% and 62%, respectively).  For soil 
texture, jojoba was higher in clay fraction (221%), but for silt and sand, palo verde had 
the larger fraction (jojoba: 88% and 91%, respectively).   
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In our UAS-derived orthoimage, we observed qualitatively that north-facing 
slopes had denser vegetation and smaller shrubs than south-facing slopes.  South-facing 
slopes appeared to have a lower density vegetation, although this was not quantified.  
Overall, 55% of the field site was vegetated.  We were unable to discern an aspect-
controlled difference in the amount of large plants (e.g., palo verde) on one side of the 




In the following sections, we synthesize the findings, and then put forth 
suggestions on how to build on this research in the future. 
 
SHORT-LIVED ISOTOPE ACTIVITY AS PROXY FOR SOIL EROSION 
Although we gathered data from more than two short-lived isotopes, we chose to 
focus on 137Cs and 210Pbex (table 3) because the literature relies on these two isotopes the 
most when using proxies to measure soil erosion (e.g., Robbins and Edgington, 1975; 
Walling and Quine, 1990, Wakiyama, et al., 2010).  The nuclear bomb-derived fallout 
deposition mechanism of 137Cs leads to the assumption that 137Cs is well-mixed in the 
atmosphere before deposition, ensuring that adsorption to soil particles will be uniform, 
at least on a first-order level.  However, studies have shown that there could be variation 
of up to 40% in the distribution of 137Cs (Wallbrink et al., 1994; Wallbrink and Murray, 
1996).  Further, since the vast majority of 137Cs was produced decades ago, a strong 
rainstorm in the proceeding decades could have washed away the topsoil and potentially 
rid the landscape of this short-lived isotope.  210Pbex does not have this weakness, because 
it is naturally derived and thus constantly being replenished.  After a strong storm, the 
soil will only be temporarily depleted of 210Pbex.  Acknowledging this, we are assuming an 
even distribution of these short-lived isotopes so that we can use these isotopes as 
proxies for measuring soil transport on the landscape.  We elected to report the short-
lived isotope activity as-is, rather than convert to an erosion rate.  To report erosion rates 
would require more extensive testing of the short-lived isotopes in the soil, which was 
not feasible during the research period.  Additionally, erosion rate determinations 
require calculations which could not be completed in the timeframe of this study.  We 
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also didn’t collect the appropriate samples, because such a task requires collecting 
samples from varying depths at specific points to measure to what degree the activity of 
short-lived isotopes attenuate as the depth increases. 
 
137Cs, 210Pbex, SOIL ORGANIC CARBON, SOIL NITROGEN, AND C:N 
With the high correlation between 137Cs and 210Pbex (fig. 6, sample inventory 
subtracted from reference inventory) we infer that the two isotopes share similar 
processes of transport and thus can tell us about the transport patterns in the landscape.  
The soil samples we measured have low-magnitude amounts of 137Cs, indicating that the 
difference between the reference site and the samples for 137Cs is small.  This suggests 
that the total inventory of 137Cs is small; indeed, the reference site had a measured 137Cs 
concentration of 6.10 ± 0.305 Bq/kg (table 3).  Ritchie and McHenry (1990) reported 
that studies measuring 137Cs on vegetation show that it quickly washes away.  The similar 
amounts of 137Cs in the samples and the reference site is striking given that there are 
different transport processes occurring on the flat-lying reference site versus hillslopes: 
that is, the reference site, being flat-lying, should have minimal erosion.  210Pbex has a 
higher mean magnitude than 137Cs, and is negative, meaning there is a depletion of 
210Pbex in the samples relative to the reference site.  For any sample that is more negative 
in short-lived isotope activity than the reference site, we can conclude that that sample 
has been eroded.  If the sample’s measured short-lived isotope activity is more positive 
than the reference site, we can conclude that there has been deposition (e.g., Ritchie and 
McHenry, 1990; Wallbrink et al., 1994).   
 Globally, soil organic carbon is greatest at the surface and decreases with depth 
(Jobbágy and Jackson, 2000).  We chose, therefore, to collect bulk sediment cores from 
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the top 10 cm of the soil to allow for larger numbers of samples covering a greater spatial 
extent. 
 The ratio of soil organic carbon to total nitrogen, or C:N, found in our soil 
samples is similar to soils from surveys of global soil C:N (Batjes, 1996).  The scatterplot 
of our data (fig. 10) shows a high correlation between soil organic carbon and total 
nitrogen, which is to be expected given that these two nutrients are necessary for plant 
metabolism.  At the ridgetop, there is less vegetation and the vegetation is smaller (fig. 
12), and the soil thickness is lower.  Further downslope, plants are larger and thus they 
contribute more carbon to the soil, and soil thickness is larger.  This shows that soil is 
transported downslope, accumulating at lower slope positions.  We tried to sample soils 
without roots and were careful to remove them when we were processing the samples.   
A clear finding that we articulate in many of our results is that there are 
differences in short-lived isotope activity and soil organic carbon between jojoba and 
palo verde transects.  Both the mean carbon and mean nitrogen for jojoba are about 66% 
of palo verde.  Jojoba transects have 129% more activity than palo verde for 137Cs, while 
for 210Pbex jojoba transects have 58% less activity.  There is an overall pattern of depletion 
of short-lived isotopes for transects with palo verde compared to jojoba (e.g., fig. 8) and 
an enrichment of soil organic carbon and C:N in palo verde transects compared to jojoba 
(e.g., fig. 13, fig. 14).  This could be due to the density of plant matter under the canopies 
of palo verde being lower, which would allow sediment to more easily move downslope 
under those plants.  With the deeper soils in palo verde transects (fig. 17), more soil 
organic carbon and C:N would be able to be stored there.  Recent work (Ma et al., 2016; 
Wang et al., 2018a) explored the relationships between soil erosion and soil organic 
carbon and C:N with an emphasis on land use and soil rehabilitation and found that 
plant type and hillslope position affect sediment transport rates and soil organic carbon 
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and C:N; specifically, they reported that depositional points in the landscape 
accumulated soil organic carbon and C:N.   
In addition, because the canopy of the palo verde is typically larger than jojoba, 
we expected that the amount of 137Cs that has reached the ground surface would be less, 
because more of the isotopes would be intercepted by the canopy (e.g., Ritchie and 
McHenry, 1990).  However, with the bulk of 137Cs fallout occurring decades ago (e.g., 
Hewitt et al., 1996), and the age of the plants in the field site unknown, the extent to 
which the canopy plays a role in limiting the amount of 137Cs in subcanopy soils is 
uncertain.  Higher levels of plant productivity typically increase soil organic matter (e.g., 
Jackson et al., 2017).  With the larger canopy and its photosynthesizing bark, palo verde 
may be able to contribute more organic matter to the soil.  In terms of soil transport, 
other studies focused on semi-arid grasslands (e.g., Yoo et al., 2005b) or along 
vegetation gradients (e.g., Geng et al., 2015), and some studied the effect of shrubs and 
trees on soil transport (e.g., Chirino et al., 2006; Mohammad and Adam, 2010). 
 
TOPOGRAPHIC CONTROLS 
We measure jojoba transects to have more 137Cs than the reference site, while 
palo verde has less (fig. 8).  Both plants have less 210Pbex than the reference site.  
Separated by aspect, jojoba has greater 137Cs activity on south-facing slopes and less 
activity on north-facing slopes.  In these instances, the 137Cs values are greater than the 
reference site, indicating deposition.  With higher erosion rates inferred from more 
negative 210Pbex values, we find jojoba to have larger soil organic carbon and C:N on 
north-facing slopes.   
For palo verde, the north-facing slopes have more activity and the south-facing 
slopes have less.  We measured both of these categories for palo verde to have less 
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isotopes than the reference site, signifying erosion.  Similar in process to jojoba, we 
found that south-facing slopes have higher soil organic carbon and C:N.   
These patterns for aspect-controlled inventory of short-lived isotopes partly 
mirror the findings from Perreault et al. (2017): our south-facing transects for palo verde 
are also erosional.  The divergence in behavior for the two short-lived isotopes for jojoba 
transects may be due to the disparity in origin of the two short-lived isotopes.  137Cs is 
solely derived from atmospheric sources, whereas 210Pbex is generated through a more 
complex decay series starting in the soil.  Because 137Cs is atmospherically derived, strong 
rainstorms can rid the landscape of this short-lived isotope (e.g., Ritchie and McHenry, 
1990).  We posit that the hotter and drier climate on the south-facing slopes would 
inhibit the activity of burrowers and plants.  We also argue that plants on the south-
facing hillslopes may be discouraged to grow large plant canopies, due to the increased 
evapotranspiration of a larger canopy, and thus higher metabolic requirements.  By 
deterring biological activity, the south-facing hillslopes could have lower transport rates.  
However, this is not the case for palo verde.  The large canopy of the palo verde could 
stabilize the microclimate around the plant and be more conducive to biological activity 
and thus erosion.  Jojoba shrubs, with their comparatively large and fleshy leaves that 
are more valuable for the plant, may prefer the less direct sunlight that is on north-facing 
hillslopes.  As many studies note, pole-facing slopes tend to have more vegetation 
because of the difference in insolation and the implications this has for moisture 
retention and photosynthetically appropriate amounts of sunlight (e.g., Yimer et al., 
2006; Pelletier et al., 2013; Seyednasrollah et al., 2013).   We observe the same pattern 
here.  All things being equal, the thicker ground cover (i.e., more stems, more roots) of 
north-facing slopes in our field site should inhibit soil transport, which is reflected in our 
data.  However, the increased vegetation density does not translate to higher soil organic 
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carbon and C:N.  As we mentioned previously, south-facing slopes have more soil 
organic carbon than north-facing slopes. 
We have discussed the differences between jojoba and palo verde, but we should 
acknowledge that, ultimately, both are adapted to dryland climates.  The mean canopy 
height and width of jojoba are both larger on south-facing slopes.  The mean canopy 
height of the palo verde is larger on the south-facing side and the mean canopy width of 
palo verde is larger on north-facing sides.  Furthermore, with summer temperatures 
regularly surpassing 40°C, and the near constant sunshine, there may be little difference 
between the north- and south-facing slopes: in such a hot, intensely sunny environment, 
aspect may not matter.  Similarly, hillslope relief varies little; the hillslopes are gentle.  
We should also note that palo verde are of a lighter green than jojoba.  This may have a 
subtle effect on the plants’ tolerance to prolonged sunlight. 
 As discussed in our conceptual framework, we assume sediment flux to be 
dependent on slope (e.g., Kirkby, 1971).  As slope increased, our measured short-lived 
isotopes decreased (fig. S2A, fig. 9) and soil organic carbon increased (fig. 16).  
Furthermore, these data indicated that jojoba transects have higher activity and lower 
inventory of soil organic carbon, showing that the erosion rates for jojoba transects were 
lower.  Similar to other studies, as slope increased, soil organic carbon decreased 
(Ritchie et al., 2007).  This highlights the importance of considering the morphology of 
the landscape when studying plant-soil interactions (e.g., Wang et al., 2018b). 
 In our framework, we have set positive curvature to indicate erosion (i.e., 
divergence) and negative curvature to indicate deposition (i.e., convergence).  For palo 
verde transects, as the curvature becomes more positive, activity decreased and soil 
organic carbon and C:N similarly decreased.  In our field site, soil thickness increased 
with decreasing curvature (fig. 5).  Although there is a lot of spread in the data, this 
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relationship suggests that soil production is high on the ridgetops but lower downslope, 
which confirms one of our hypotheses.  This finding is also supported by previous studies 
(e.g., Heimsath 1999; 2000).  The concentration of soil organic carbon in the soil 
similarly decreased with increasing curvature for jojoba transects, although the short-
lived isotope activity remained more constant for these samples.  Eroding landscapes 
were found to have lower soil organic carbon (Ritchie et al., 1974, Ritchie et al., 2007), 
which is what we find in our study site. 
Using a three-position experimental design that is similar to experimental design 
in our study, Li et al. (2017) found that the lowest concentration of 137Cs was at lower 
slope positions in a natural grassland, which is similar to our results.  Palo verde 
transects showed increases in reference-corrected 210Pbex activity downslope (fig. 7), 
which suggests the transport of soil towards lower elevations, depleting upslope soils and 
enriching lower-elevation soils with short-lived isotopes.  Jojoba transects show no 
change in 210Pbex activity with respect to hillslope position, although Top and BB 
locations have the lowest amount of isotopes.  137Cs activity for both plants shows no 
relationship with hillslope position.  As discussed above, the low amounts of 137Cs in the 
reference site makes this finding unsurprising.   
Control transects overall showed a trend towards increasing activity downslope 
(fig. S2C).  This points towards erosion of soil upslope and deposition downslope.  The 
trends for plant transects were less clear and suggests the importance of sediment 
damming, as discussed by DiBiase and Lamb (2013).   
The size of the jojoba shrubs remained constant with distance from divide but 
palo verde size increased.  Some canopies of Top-located palo verde were just 1-1.5 m 
square, meaning these plants were either young or starved of nutrients.  The larger 
canopies of palo verde would prevent rainsplash-induced soil erosion, but the data show 
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that this does not influence the overall increased transport for palo verde seen in our 
data.  Soil thickness also increases downslope (fig. 5), mirroring findings from research 
conducted in other environments (e.g., Heimsath et al., 1997; Anderson et al., 2011).  
With our field measurements, we discover that palo verde has slightly higher mean soil 
thickness than jojoba (fig. 17).  Both plants have slightly deeper soil thicknesses on the 
south-facing side.  Ridgetop soils for both transects had the lowest depth, and gradually 
increased downslope.  The influence of palo verde may play a role in the results we saw, 
because at the plant transect intercanopy locations (TM, MB, BB), the depth increased.  
For jojoba, after the Top position, the soil thickness stayed constant.  This interaction 
between increased soil thickness and increased soil erosion and soil organic carbon is 
discussed in other studies.  For example, Yoo et al. (2006) found that soil thickness was 
determined to be the most important control on soil organic carbon storage. 
 
BIOGENIC PROCESSES 
In 1963, work crews south of Tuscon, AZ, discovered roots protruding from a 
gravel bed 175 feet below the ground surface in a newly excavated open-pit mine 
(Phillips, 1963).  Upon microscopic inspection of the roots, Phillips discovered that some 
of the roots belonged to Prosopis and Cercidium species, commonly known as Mequite 
and palo verde, respectively (1963).  It’s important to note that this species of palo verde 
is different than the one we focused on for our study; however, we saw that our target 
palo verde in our field site had taproots: a palo verde growing in a swale incised by a 
gully had its taproot exposed.  Large taproots, and roots in general, promote soil 
development.  Both palo verde and jojoba (Hoeppe, 1975) have taproots, so the presence 
of a taproot cannot explain the difference between the two plants.  Existence of a taproot 
is a common evolutionary measure to withstand the harsh summers of the American 
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Southwest, so we can expect that many plants in the study site have taproots.  Since both 
plants have taproots, we can conclude that the rooting behavior of one plant is not 
influencing the difference in our data. 
In the field, we observed qualitatively that ground squirrels overwhelmingly 
prefer burrowing near and under jojoba shrubs.  This is a potentially significant 
difference between the two plants, because burrows were not as easily found in palo 
verde, although the subcanopy soils were less dense for both plants.  It is well known that 
burrowing promotes soil development and has significant impacts on the landscape (e.g., 
Yoo et al., 2005b; Butler et al., 2013).  Burrowers bring and produce organic material 
that collects in and around their dens.  However, this did not translate towards higher 
soil organic cabon and C:N values, more depleted short-lived isotope activity (and thus 
soil erosion), or deeper soils (fig. 17) for jojoba transects.  We found that jojoba samples 
had a higher percent clay fraction, which could be explained by the burrows we observed.  
In the harsh environment of the desert, freshly exposed soil associated with a burrow 
near a jojoba shrub may quickly decompose and lose its nutrients.  In the soils of palo 
verde, where we observed less burrows, the shade protection from the larger canopy (fig. 
17) could preserve the organic material for longer.  Shade over a large surface area and 
plant size may be more important than presence of burrowers towards soil organic 
carbon and C:N preservation.  Shade reduces surface temperatures and helps to keep the 
soil moist.  We noted that grass grew around plants with shade even while the exposed 
ground a few decimeters away was dry.  Furthermore, the soil in the subcanopy of the 
plants was moist.  In subcanopy soils, we found that there was a layer of ash-colored soil 
of very low density close to the surface.  This layer was prevalent throughout the field site 
and we are unsure as to the origin and makeup of this layer, although fire residue or 
decomposed organisms could be the culprit. 
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 We find the canopy of jojoba to be smaller than palo verde canopies at all points 
on the hillslope (fig. 17).  Palo verde size also increased downslope, which was not the 
case for jojoba.  Fundamentally, palo verde and jojoba are a dryland-adapted tree and 
shrub, respectively.  Partly due to their size, trees are able to accumulate more soil 
organic carbon (Jobbágy and Jackson, 2000).  Jobbágy and Jackson (2000) found that 
relative to the first meter of the soil column, the percentage of soil organic carbon in the 
top 20 cm of soil is 50% for forests, compared to 33% for shrublands and 42% for 
grasslands.  A smaller, denser canopy for jojoba would be able to trap more organic 
material and sediment in the vicinity of the shrub (Bochet et al., 2006).  The entrapment 
of more organic material (represented by higher soil organic carbon and C:N values), 
however, is not seen in our data.  A denser canopy may inhibit soil transport past the 
plants, and thus keep short-lived isotopes in place, which can help explain the higher 
short-lived isotope activity that we observed.  Increases in plant size appear to help 
promote soil erosion and concentration of soil organic carbon and C:N. 
 We observe higher total soil nitrogen in samples from palo verde transects (fig. 
10).  This validates our experimental design and shows that nitrogen-fixing plants are 
able to increase the total nitrogen in the soil.  The jojoba seeds are edible and contain 
about 50% oil (Gentry, 1958).  The seeds are likely a source of food for fauna like ground 
squirrels.  In an herbivore-free area, the seeds may contribute more soil organic carbon 
and total nitrogen to the soil, but in our field site, the seeds may get eaten as soon as 
animals find them, preventing them from enriching the soil.  In fact, we noted that by 
late spring, almost all the seeds on the jojoba were gone from the plant.  Given the 
presence of burrows under jojoba and a lack of seeds, there could be a relationship 
between the ground squirrels and the jojoba: the jojoba provides the squirrels with 
protection and food, and the squirrels fertilize and aerate the soil for the jojoba.  The 
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palo verde, being a legume, also produces fruit, although we did not observe burrows 
near palo verde.  The palo verde flowers after the summer monsoons.  When they fall, 
the flowers will enrich the soils.  As discussed in the site description, the leaves of the 
jojoba are about 6 cm2 in area, a few millimeters thick, and do not easily come off the 
stem.  This is in contrast to the leaves of palo verde, which are much smaller than jojoba 
and appear to detach much more easily than those on jojoba.  The twigs and branches of 
the jojoba shrub can dry easily and grow thickly around the shrub but can easily be 
broken off.  With the larger canopy of the palo verde comes larger branches (fig. 17).  
These were much harder to remove and seemed to maintain their moisture for longer. 
Research studying woody plant encroachment in grasslands showed that soil 
organic carbon decreases with distance from the bole (Throop and Archer, 2008).  This 
has implications for the preservation of soil nutrients with distance from the plant.  For 
plant transects, more of the soil is under plants, and we find the soil organic carbon to be 
higher than the soils in control transects (fig. 13).  This explains why we saw more soil 
organic carbon and total nitrogen in subcanopy areas, a finding that other studies have 
corroborated (e.g., Belsky, et al., 1989; D’Odorico et al., 2007; Throop et al., 2008; 
DeMarco et al., 2016; Throop and Lajtha, 2018).  With lower short-lived isotope activity 
in intercanopy areas, we can conclude that sediment transport rates are higher in 
intercanopy areas.  In the field site, we noticed that there were rills, some incipient, and 
these were only found in intercanopy areas.  This is evidence pointing towards the 
importance of water in sediment transport (e.g., Tongway and Ludwig, 2001).  Plants 
both capture loose sediment and inhibit sediment transport in their vicinity (Okin et al., 
2015), acting as a natural vegetation dam (DiBiase and Lamb, 2013). 
Gentry (1958) approximated that jojoba plants can live for 100 years, and 
possibly for more than 200 years.  The lifespan of palo verde is not known.  However, 
49 
since both plants invest heavily in a taproot, we are assuming that the palo verde can live 
at least for many decades.  With plants that live so long, the positioning of plants on the 
hillslope does not change for decades.  Therefore, we conclude that the patterns of soil 
transport and concentration of soil organic carbon in the landscape, in subcanopy and 
intercanopy areas, remain constant at least for the lifetime of the plants. 
 
FUTURE RESEARCH 
One of the goals of this research is to try to bridge the two experimental 
philosophies found in landscape process studies: geology and ecology.  In field-based 
geology, there aren’t as many replications of the same land feature, so these studies have 
to take as much data as possible from a limited sample size.  Conversely, an ecological 
study researching trees, for example, can have an entire forest of trees to study.  In this 
instance, the problem is not a paucity of samples, but rather a surfeit.  Therefore, geology 
is more “vertically” oriented and ecology is more “horizontally” focused in their 
respective experimental designs.  In other words, some studies pick few field sites but 
sample them with a high resolution, aiming to capture as much information about the 
specific field sites as possible.  Other studies gather samples from many field sites and, 
due to the constraints of research, are selective in what data they collect from them.  A 
future scientist building on the work from our research may choose to pursue one of 
these paths.   
Given the large natural variation among countless variables, like short-lived 
isotope activity, soil nutrients, and plant size, a vertically-focused study may choose just 
one hillslope.  The remotely-sensed dataset we collected using a UAS could be used more 
fully in a future study.  For example, a study could run statistical tests on the spatial data 
to understand if there is a significant difference between the size and distribution of the 
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canopies as seen from the UAS-derived footage.  In addition, future research could use a 
high-resolution terrestrial laser scanner to map more of the vegetation to include 
different plant types, like grasses and other shrubs, potentially including every individual 
plant in the study area.  With 24 samples and one reference sample measured for short-
lived isotope activity in this study, more datapoints should help clarify the significance of 
patterns discussed above; for example, a future study could look more into how burrows 
affect sediment transport and soil organic carbon and total nitrogen pools.  Burrows, 
with their larger clay content, may affect the short-lived isotope measurements collected 
in this study by inflating their values in jojoba transects.  Furthermore, with more 
burrows would be more organic matter (and therefore more soil organic carbon and 
nitrogen) originating from the burrowers themselves (i.e., excrement).  A future study, in 
order to resolve these questions, would need to quantify the impact of burrows on the 
soil transport and soil organic carbon and nitrogen patterns in the landscape, while 
integrating the size of the plants in the data analysis.  The samples should also include 
locations from progressively deeper points in the soil column (e.g., samples every 5 cm), 
which may help us understand the influence of roots and subsurface processes to soil 
transport and soil organic carbon pools.  Like what was done in this study, each sample 
could have spatial data tied to it at that point (e.g., slope and curvature).  By tracking the 
surface distance from each individual plant to each sample, patterns may emerge that 
may clarify some of the findings from this research.  For example, it may be more 
important to consider the distance between plants rather than the distance from each 
plant to the ridgetop. 
A future, horizontally-focused study could expand the number of hillslopes to 
include more of them from the field site used in this study.  Applying this research design 
to similar and different climates in other areas of the world would broaden our 
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understanding of the processes that occur on small hillslopes such as the ones used here.  
Similarly, such a study could include other factors that influence sediment transport and 
nutrient inventory, namely the effects of slope length and storm magnitude and 
frequency (e.g., expanding upon the work done by Etheredge et al., 2004).  Studies may 
also try to more fully understand the differences between the two plant types.  As 
Jackson et al. (2017) discussed in their review paper, it is important to take into 
consideration the full plant, meaning to include the subsurface interactions between 
mycorrhizae, soil microfauna, and plant roots.  Since the production and fallout of 
significant amounts of 137Cs has ceased, large storm events could remove all but a trace 
amount of 137Cs in the soil.  A future study could include temporal change as one of the 
independent variables, e.g., sampling multiple times a year.  Such a study would help us 
understand how soil transport and soil organic carbon pools change throughout the year.  
Researchers have proposed that biology imparts a unique signature on topography 
(Dietrich and Perron, 2006; Roering et al., 2010).  Such a concept has exciting 
implications for landscape evolution on geologically short and long timescales.  Future 
studies could continue our research by expanding the time window of inquiry to see if 
there is a divergence in the shape of hillslopes that have different plant types. 
 
THE BROADER CONTEXT: GLOBAL WARMING, POPULATION GROWTH, AND SOIL 
SUSTAINABILITY 
Recently, United Nations’ Intergovernmental Panel on Climate Change released a 
special report on global warming, cautioning the international community that in order 
to keep worldwide temperature increases to no more than 1.5°C, all aspects of our 
civilization would have to undergo rapid, drastic, and unprecedented changes (IPCC, 
2018).  By 2100, the human population could exceed 12 billion (KC and Lutz, 2017), and 
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drylands are forecasted to expand under climate change with 50% of the global 
population growth expected to occur in these regions (Huang et al., 2016b).  As emerging 
economies continue to develop, more people will want the levels of comfort that more 
established economies enjoy.  Providing the necessary food and water to support the 
richer lifestyles puts increased pressure on the landscape in the form of soil erosion, 
nutrient loss, salinization, and desertification (e.g., Shahid et al., 2013).  Landscape 
change and degradation is often a slow-moving process (e.g., Van Auken, 2009), but has 
immediate consequences once the problem reaches a critical mass.  Net primary 
production, a measure of the productivity of plants to fix carbon, was found to decrease 
in drylands when the soil degrades (Zika and Erb, 2009).  As we mentioned previously, 
past civilizations may have declined in large part because of declines in the fertility and 
abundance of their soil (Montgomery, 2008).   
Such a complex, multifaceted issue demands sustained, deliberate steps to help 
understand and prevent the worst of what is projected to occur.  Our data show that soil 
erosion reduces the concentration of soil organic carbon and total nitrogen in the soil.  
Studies have shown that farmers can recover previous soil and fertility losses through 
responsible landscape management techniques (e.g., Altieri, 1995; Srinivasarao et al., 
2013; Diaz-Ambrona and Maletta, 2014).  As members of the global community, we 
should all be concerned about the changes happening to our planet.  Our study plays a 
small but important role in studying global change by understanding how vegetation, soil 




With the vast majority of terrestrial carbon stored in the soil (e.g., Lal, 2004), and 
climate change quickly altering established natural systems, we need to have a strong 
foundational understanding of how vegetation interacts with soil, what will happen to 
the carbon reservoir in the soil (e.g., Trumbore and Czimczik, 2008), and the sediment 
transport patterns in a warming world (e.g., Roering et al., 2004).  Our study aimed to 
help fill these knowledge gaps for a low-relief, hilly, dryland ecosystem.   
Along 12 catenae starting at the hilltops of low-relief ridges, we collected bulk 
samples from the top 10 cm of soil, controlling for plants (samples from under plants, 
between plants, and away from all plants), plant type (palo verde and jojoba), canopy 
location (sub- or intercanopy), canopy orientation (upslope or downslope), aspect (north 
and south), and distance from divide.  We measured the soil organic carbon and nitrogen 
for each sample and for a subset of the samples we obtained short-lived isotope activities 
for 137Cs and 210Pbex.  We supplemented these data with measurements of the soil 
thickness, plant canopy morphology, and soil texture.  These datasets informed our 
understanding of the hillslope processes at work – both geomorphological and biological 
– in a dryland ecosystem.   
We found that there were significant differences between the two plant types 
across all the datasets, interpreting the results as being controlled from both biogenic 
and topographic sources.  Jojoba had higher short-lived isotope activity (2.5 ± 0.62 
Bq/kg for jojoba, -1.9 ± 1.4 Bq/kg for palo verde), which suggests lower erosion rates for 
jojoba.  Jojoba also had lower soil organic carbon (12 ± 0.47 mg C / g soil for jojoba, 18 ± 
0.63 mg C / g soil for palo verde), which suggests lower input of carbon and nitrogen for 
soils in jojoba transects (nitrogen is closely correlated with carbon).  This is surprising as 
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we expected to see higher erosion rates for jojoba given that we saw more burrows 
associated with jojoba plants compared to palo verde.  Jojoba transects did not show as 
clear a trend with distance from divide as the palo verde transects for short-lived isotope 
activity, soil organic carbon, soil thickness, and canopy dimensions.  The size of the plant 
may play the most important factor in determining soil erosion and concentration of soil 
organic carbon and total nitrogen, as palo verde were larger than jojoba.  We conclude 
that the smaller and thicker canopies of jojoba shrubs inhibit sediment transport and 
contribute less soil organic carbon and total nitrogen to the soil.  We also conclude that 
where there was increased soil erosion, there was a corresponding loss in soil organic 
carbon and total nitrogen. 
There are many paths that future studies could take, including understanding 
how animal burrows affect sediment transport and concentration of soil organic carbon 
and total nitrogen.  Our findings can help inform land managers and lawmakers about 
the relationship between erosion and concentration of soil organic carbon and total 
nitrogen when forming policy, with the goal of maintaining the sustainability of the soils 
in their jurisdiction for the future.  It is important for managers of farms and pastures to 
recognize that when there is a loss of soil, the amount of carbon and nutrients similarly 
decrease.  We hope that this study offers a roadmap to designing future studies: to fully 
understand the sediment transport and nutrient storage dynamics across a landscape, 
one must integrate techniques and knowledge from both the geological and biological 
sciences.  The techniques include measuring the short-lived isotopes and soil organic 
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Locations of the twelve ground control points (GCPs) used in this study.   
 
  
Name X Y Z 
basestation -111.11918 33.002726 856.577 
Gcpbase -111.1191 33.0027568 855.674 
Gcp1 -111.11885 33.0024585 855.165 
Gcp2 -111.11792 33.0018579 851.353 
Gcp3 -111.11715 33.0014192 846.244 
Gcp4 -111.11688 33.0025519 838.97 
Gcp5 -111.11844 33.0027161 846.641 
Gcp6 -111.11858 33.0019785 848.537 
Gcp7 -111.1186 33.0012847 851.966 
Gcp8 -111.11878 33.0015633 849.163 
Gcp9 -111.11797 33.0010681 844.445 
Gcp10 -111.11712 33.0012016 861.47 
Gcp11 -111.11801 33.0015801 867.27 
Gcp12 -111.11691 33.002464 853.989 
The coordinate system of the GCPs is in WGS84. 
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Table 2.   
Subset of samples measured for short-lived isotopes.   
Sample ID Hypothesized isotope 
activity concentration 
   
HS1SJO TM-inter Low 
 MB-inter Medium 
 BB-inter High 
   
HS1S T-inter Low 
 M-inter Medium 
 B-inter High 
   
HS1NJO TM-inter Low 
 MB-inter Medium 
 BB-inter High 
   
HS1N T-inter Low 
 M-inter Medium 
 B-inter High 
   
HS6NPV TM-inter Low 
 MB-inter Medium 
 BB-inter High 
   
HS6N T-inter Low 
 M-inter Medium 
 B-inter High 
   
HS6SPV TM-inter Low 
 MB-inter Medium 
 BB-inter High 
   
HS6S T-inter Low 
 M-inter Medium 
 B-inter High 
   
RS07-01a  Reference sample 
   
We choose these samples to both satisfy the breadth of 
samples and constraints on data collection time and 
expense.  Explanation of the naming scheme for the 
samples can be found fig. 2.  For the hypothesized isotope 
activity, low indicates high erosion, high indicates stable or 
no erosion, and medium is in between low and high. 
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Table 3 





















Mean values of all twenty categories of samples for the carbon and nitrogen dataset. 
pltrn intsub positn posisjp joorpv n pctCmg_mean pctNmg_mean cn_mean curv_mean slope_mean dist_mean pctCmg_se pctNmg_se cn_se curv_se slope_se dist_se 
PT Int BB BBJ JO 17 6.99 0.61 11.60 2.09 11.59 16.35 0.97 0.09 0.42 1.20 1.57 1.50 
PT Int BB BBP PV 18 10.56 0.95 11.23 -3.86 10.19 18.56 3.69 0.34 0.11 2.03 2.18 2.03 
NPT Int Bottom BIJ JO 22 5.83 0.54 10.55 0.49 14.01 12.01 0.99 0.06 0.76 0.91 1.03 2.71 
PT Sub Bottom BSJ JO 76 14.62 1.47 10.28 -1.54 13.99 13.27 1.68 0.17 0.48 1.76 0.71 0.87 
NPT Int Bottom BIP PV 9 8.06 0.69 11.89 -1.33 12.16 15.26 1.23 0.12 0.26 0.82 1.78 3.04 
PT Sub Bottom BSP PV 54 27.67 2.57 11.07 -1.14 12.86 15.41 1.94 0.20 0.43 0.60 0.99 1.26 
PT Int MB MBJ JO 21 7.64 0.63 12.40 3.10 14.92 10.63 1.67 0.15 0.42 1.15 1.19 1.86 
PT Int MB MBP PV 11 18.94 1.56 12.19 0.55 13.43 12.62 6.50 0.54 0.66 2.61 1.42 2.18 
NPT Int Middle MIJ JO 29 6.32 0.52 12.44 2.21 15.29 9.16 0.52 0.04 1.39 1.39 0.90 1.52 
PT Sub Middle MSJ JO 58 18.17 1.59 11.21 1.57 14.73 8.52 2.52 0.20 0.52 1.36 0.58 0.99 
NPT Int Middle MIP PV 13 8.67 0.72 11.87 -0.34 14.10 8.93 1.50 0.11 0.57 1.16 0.95 0.99 
PT Sub Middle MSP PV 66 21.63 2.13 10.81 0.35 13.67 9.84 1.80 0.18 0.62 0.64 0.58 0.93 
PT Int TM TMJ JO 17 6.66 0.84 9.05 8.23 12.66 6.43 2.01 0.19 1.56 2.34 1.01 1.58 
PT Int TM TMP PV 15 17.54 1.55 11.10 0.42 15.71 7.77 3.72 0.29 0.39 1.54 1.21 1.60 
NPT Int Top TIJ JO 18 5.85 0.57 10.63 4.92 12.04 4.60 0.63 0.04 1.06 1.21 1.27 0.93 
PT Sub Top TSJ JO 63 13.13 1.17 10.88 5.12 8.95 3.57 1.81 0.14 0.49 0.95 0.62 0.76 
NPT Int Top TIP PV 16 7.25 0.72 10.09 2.95 14.45 4.93 1.10 0.10 1.08 2.53 1.34 0.53 
PT Sub Top TSP PV 67 13.99 1.29 10.73 5.41 14.25 4.69 1.31 0.11 0.23 0.69 0.50 0.35 
NPT Int RT RTJ JO 8 3.13 0.52 6.28 7.60 5.43 2.08 0.90 0.04 2.14 2.09 1.31 1.54 


























228 K-40 210Pbex 
HS1-
Jojoba               
S-TMint 545 590 96 21.92 8.18 68.02 31.45 69.36 18.01 20.00 4.36 68.49 112.53 -4.81 
S-MBint 582 614 98 33.23 48.95 53.16 52.93 128.33 38.78 37.88 1.35 125.85 -8.62 -11.77 
S-BBint 607 802 102 38.86 54.72 106.31 67.09 133.83 44.98 46.20 1.77 134.45 -37.33 -18.17 
N-TMint 614.3 612.7 98 26.77 36.57 67.88 45.55 74.79 32.19 31.75 1.44 73.50 163.71 -11.95 
N-MBint 509 613 90 9.37 34.22 59.76 37.26 79.97 24.02 25.15 0.11 77.26 44.59 -22.31 
N-BBint 490.3 761.3 100 16.13 45.92 48.72 45.73 101.57 30.23 33.15 -0.67 99.21 -88.64 -22.74 
S-Tint 545.3 572.3 100 -1.19 11.43 48.39 20.95 62.85 8.26 11.53 2.99 61.73 103.40 -19.00 
S-Mint 527.3 602.3 101 15.00 9.72 51.84 20.09 58.26 13.11 13.51 5.25 62.86 146.63 -2.08 
S-Bint 582 594.3 96 23.87 32.34 62.94 37.62 95.72 24.65 25.34 5.77 92.06 76.74 -8.11 
N-Tint 510.3 689.3 102 4.11 28.66 35.00 26.90 77.36 17.51 16.62 0.51 78.51 82.10 -18.76 
N-Mint 596.6 598.5 97 35.14 39.17 70.96 50.21 102.62 33.81 33.99 1.89 103.87 57.35 -7.54 
N-Bint 507.3 629.3 87 24.91 31.31 58.30 41.42 77.98 28.83 27.68 4.75 82.05 100.35 -10.30 
HS6-Palo 
Verde               
N-Tint 566.3 613.3 94 -7.57 32.18 68.61 38.84 84.57 26.16 25.60 -5.63 86.11 150.79 -40.59 
N-Mint 322.3 740.3 92 42.04 59.10 56.85 66.20 88.15 49.22 48.86 2.28 89.50 85.70 -14.22 
N-Bint 470.3 741.3 93 53.43 59.29 100.86 71.11 115.72 53.10 53.84 4.34 116.33 -9.28 -7.01 
S-Tint 758.3 635.3 104 3.63 17.47 21.46 38.30 53.14 17.96 17.71 0.46 54.88 184.75 -28.92 
S-Mint 729.3 570.3 104 31.22 40.52 54.08 50.51 96.10 34.29 33.97 0.82 98.45 157.42 -11.72 
S-Bint 710.3 744.3 98 31.42 30.96 66.05 40.90 83.20 28.22 27.89 2.61 85.26 129.20 -3.35 
N-TMint 613.3 513.7 97 3.01 46.82 87.28 45.33 49.12 36.15 35.41 -6.78 52.03 164.43 -35.52 
N-MBint 495 698 93 29.09 54.50 51.81 50.68 78.27 40.95 42.65 -2.85 79.95 130.21 -13.99 
N-BBint 496.3 706.9 92 43.45 54.48 99.77 61.31 103.13 46.70 48.63 1.09 101.82 42.98 -8.67 
S-TMint 685 500.2 86 -14.66 6.075 39.76 14.67 -6.57 2.56 0.95 -0.60 2.36 155.25 -27.13 
S-MBint 321 487.3 80 -7.51 31.12 86.64 41.90 34.61 20.04 20.13 -12.29 47.71 271.25 -43.13 
S-BBint 577 515 88 16.67 61.93 84.76 64.20 118.57 46.23 46.18 -6.27 123.14 163.77 -37.90 
RS07-01a 115.8 152.8 116.6 115.95 118.42 165.41 132.94 232.08 104.61 102.46 6.10 229.54 1004.90 2.96 
All activity in Bq/kg 
All values ± 5% except for 210Pbex, which is ± 8% 
Reference sample is RS07-01a.  All other values have been corrected to the values of the reference sample, hence some of the values are negative. 




Table 5.   




































Figure 1.  Schematic diagram of forces acting on soil on a hillslope (modified from 
Dietrich et al., 1995).  Definitions for the variables as follows: z is vertical axis, x is 
horizontal axis, and qs is soil flux.  The dotted-dashed line delineates the saprolite-
bedrock boundary.  Gilbert (1877, 1909) and Davis (1892) noted that on a steady-state 
hillslope, soil is produced at every point.  The soil gets transported downslope, resulting 



















Figure 2. Idealized illustration of field site and sampling strategy.  2A: Idealized oblique 
view illustration of sampling strategy, samples collected in a downslope catena for each 
plant type (Parkinsonia microphylla [blue] and Simmondsia chinensis [red]) and in 
control transects in intercanopy space.  We sampled both north- and south-facing sides 
of the hillslope.  Plant size expected to increase downslope.  T=top third, M=middle 
third, and B=bottom third of hillslope.  Samples are labeled with an ID that is relevant to 
their unique location on the hillslopes. 2B: Profile-view illustration of the idealized 
sampling strategy of one transect.  Arrows represent amounts of samples taken at each 





















































































































































































































































Figure 3. Spatial data 
of field site.  3A: UAS-
derived orthoimage of 
field site showing 
locations of transects, 
plants, samples, and 1 
m contours.  Circle on 
the inset map shows 
approximate location 
of field site within 
Arizona.  Field site is 
about a 45’ drive north 
of Tempe, AZ.  
Reference site is not 
shown as it is about 
350 m to the west of 
the western edge of the 
field site.  The bounds 
of this view are similar 
to the box fig. 4. 3B: 
DEM of our field site 
with 1 m contours.  The 
ten profiles below the 
map correspond to the 
twelve transect 
locations for our field 
site (some profiles go 
through both north- 
and south-facing 
transects of the same 
ridge).  Note the 
vertical exaggeration in 
the profiles.  N 
represents north-
facing and S represents 
south-facing transects.  
JO = jojoba transects 
PV = palo verde 
transects.  Numbers 
refer to the ridge 
number, an arbitrary 
value we gave to the 
ridge as we scouted for 
the transects to use in 
the study.  Plant 
locations are shown as 
green circles along 
with the yellow boxes 
denoting the bounds of 



















































C Figure 3. Spatial data of field 
site.  3C: Slope (degrees), 
curvature (1/cm), and 
classified (vegetation or bare 
ground) maps of field site.  
For the slope map, red colors 
are high slope angles (in 
degrees) and green are low 
slope angles.  For the 
curvature map, positive 
curvature (erosive and 
divergent) is red, blue colors 
are negative curvature 
(depositional and 
convergent).  The classified 
map shows green pixels for 
vegetated areas and pale 
yellow for bare ground.  
Yellow boxes denote transect 
locations used in the study.  
Inset map shows the 
approximate location of the 
field site within Arizona.  For 
reference, 1 m contours and 
plant locations as green 
circles are shown.   
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Figure 3. Spatial data of field site.  3D: Selected photos of field site.  Vegetation is 
abundant.  Lines (not contour lines) are drawn on photos to orient the reader to the 
topography of the landscape.  Typical ridetop to swale distance is about 20 m, ridgetop 
heights about 5 m.  i shows a panoramic view of one hillslope (there is visual distortion), 
with the ridgetop on the right side of the picture and the swale on the left.  ii shows a 
view from one ridgetop looking towards successive ridgetops, giving a sense of the small 
scale of the overall field site and rolling topography.  Visible in the lower right corner of 





Figure 4. Geological map of the study region.  Red box indicates where the study takes 
place.  Small circle in inset map shows approximate location of field site.  Study site is 
underlain by Proterozoic granitic and metamorphic rocks and consists of gentle rolling 
hills with dryland plants like grasses and shrubs.  Some gullies are present, incising up to 
two meters deep.  The bounds of the small box east of Wildcat Hill are approximately 




Figure 5.  Curvature (1/cm) versus soil thickness (cm) and a representative example of 
the interpolated (using inverse distance weighted) soil thickness measurements in the 
field site (A and B, respectively) (n=213).  Linear regression with R2 value is reported in 
A.  Although highly scattered, the trend matches previous work comparing these two 
parameters (e.g., Heimsath, 1997; 1999).  Light blue represents low soil thickness, and 
dark blue represents thick soil.   
 
 
Figure 6.  Scatterplot of activity (A, n=24) and charts (B, n=12 per point) of mean 
reference-corrected activity (± standard deviation) for 137Cs and 210Pbex in Bq/kg ± 
standard error.  Linear regression function with associated R2 value is shown in the left 
figure (R2 = 0.75).  137Cs exists in the samples in much smaller quantities than 210Pbex and 
the range is less.  The values shown are the difference between the reference site and 
each sample (Table 2).  Some values are negative: this is due to the subtraction of the 
sampled activity from the reference site sample (6.10 for 137Cs and 2.96 Bq/kg for 210Pbex; 
taken from a flat-lying area).  The reference site acts as the measure of the full inventory 
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Figure 7.  Mean reference-corrected activity of 137Cs (A) and 210Pbex (B) (Bq/kg ± 
standard error) differentiated by hillslope position and plant type (n=2 per point).  Refer 
to fig. 2 to understand naming scheme of various samples.  JO represents jojoba and PV 
represents palo verde.  Points are mean values and error bounds are ± standard error.  
Overall, palo verde samples have lower activity than jojoba and decreases downslope, 
indicating more erosion on palo verde samples. 
 
 
Figure 8.  Mean 137Cs, and 210Pbex reference-corrected activity compared to aspect, 



























































































































































Figure 9.  Mean 137Cs 
(A) and 210Pbex (B) 
activity versus mean 
slope (degrees), 
mean curvature 
(1/cm), and mean 
distance from divide 
(m) (Bq/kg ± 
standard error).  
Data points are the 
mean (n=2 per 
point) and the error 
bars are standard 
error.  Panels A-C 
comprise samples 
from plant transects.  
Panels D-F contain 
data from control 
transects.  Dark gray 
represents data from 
jojoba transects and 
light gray data 
points represent 
palo verde transects.  
Positive curvature 
values represent an 
erosional hillslope 
transport regime and 
negative curvature 
values represent a 
depositional 
hillslope transport 
regime.  Overall, 
palo verde samples 
have lower activity 
values than jojoba, 
which indicates 
lower erosion for 










































































0 5 10 15 20







































0 5 10 15 20


























































































































































0 5 10 15 20




































0 5 10 15 20




























































































Figure 10.  Scatterplot of all carbon and nitrogen data (A), and mean carbon (mg 
element / g soil) and C:N in all soil samples separated by plant type (B).  All data is 
shown for B, which includes analytical replications for each sample.  Error bars are 
standard error.  N value for each bar are at their respective bases. Note palo verde 
samples are higher in carbon and nitrogen than jojoba. 
 
 
Figure 11.  Carbon  (mg C / g soil) and C:N data separated by aspect and plant type, 
including ridgetop samples.  Error bars are standard error.  N value for each bar are at 


































Figure 12.  Carbon (mg C / g soil) and C:N data separated by hillslope position, including 
ridgetop samples and intercanopy samples, and plant type.  From left to right, categories 
are as follows: RT=ridgetop, TS=Top subcanopy, TI=Top intercanopy, TM=between Top 
and Middle, MS=Middle subcanopy, MI=Middle intercanopy, MB=between Middle and 
Bottom, BS=Bottom subcanopy, BI=Bottom intercanopy, BB=below Bottom.  “-I” 
samples are from control transects.  Error bars are standard error.  Jojoba (JO) is dark 
gray and palo verde (PV) is light gray.  N value for each bar are at their respective bases.  
Subcanopy samples have more carbon than intercanopy samples. 
 
 
Figure 13.  Percent difference of plant-transect and control-transect position, to isolate 
the influence of hillslope position, plant type, and relationship to plants (sub- and 
intercanopy).  This figure has three categories, separated by plant, which highlights the 
impact of the plants on the hillslope concentration of carbon.  Error bars are standard 
error.  N value for each bar are at their respective bases. 
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Figure 14.  Carbon (mg C / g soil) and C:N compared to where the sample was collected 
with respect to the canopy of the plants (i.e., inter- or subcanopy).  Error bars are 
standard error.  N value for each bar are at their respective bases. 
 
 
Figure 15.  Carbon (mg C / g soil) and C:N separated by plant type and categorized by the 
orientation of the samples with respect to the plants (i.e., upslope or downslope).  N 































































Figure 16.  Mean carbon (mg C / g soil) and mean C:N versus mean slope (degrees), 
mean curvature (1/cm), and mean distance from divide (m).  Each data point contains 
the mean of the analytical and experimental replications for each category (e.g., jojoba 
top intercanopy, jojoba top subcanopy, etc.) and includes standard error bars.  
Intercanopy samples are circles and subcanopy samples are triangles.  Hue represents 
plant type (JO = jojoba, PV = palo verde).  Positive curvature values represent an 
erosional hillslope transport regime and negative curvature values represent a 
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Figure 17.  Summary of soil and plant physical properties of jojoba data collected, 
normalized to palo verde data.  In addition to SOC/N and short-lived isotopes, we also 
took a suite of measurements taken in the field (dashed horizontal line is set at 1 for 
reference to proportional palo verde value).  Y-axis units show how much higher the 
mean value for a certain category and plant (jojoba or palo verde) is from palo verde.  
For example, the mean canopy height of the jojoba shrubs is about half as large as the 
mean palo verde canopy height.  The measurements summarized in this figure are, from 
left to right: depth (soil thickness), canopy height at longest axis, canopy width at longest 
axis, percent clay, percent silt, and percent sand.  The percent size fraction data were 

































Figure S1.  Mean 137Cs and 210Pbex reference-corrected activity compared to plant type 


























































Figure S2.  A: Short-lived isotope activity versus slope (degrees, n=12 per subplot).  Top 
row is data taken from control transects and bottom row is from plant transects.  North-
facing samples are circles and south-facing samples are triangles.  Hue represents plant 
type (JO = jojoba, PV = palo verde).  Saturation indicates position on hillslope (darker 





Figure S2.  B: Short-lived isotope activity versus curvature (1/cm).  Top row is data 
taken from control transects and bottom row is from plant transects.  North-facing 
samples are circles and south-facing samples are triangles.  Hue represents plant type 
(JO = jojoba, PV = palo verde).  Saturation indicates position on hillslope (darker colors 
are closer to the ridgetop).  Negative curvature values indicate a depositional hillslope 
transport regime and positive curvature values indicate an erosional hillslope transport 




Figure S2.  C: Short-lived isotope activity versus distance from divide (m).  Top row is 
data taken from control transects and bottom row is from plant transects.  North-facing 
samples are circles and south-facing samples are triangles.  Hue represents plant type 
(JO = jojoba, PV = palo verde).  Saturation indicates position on hillslope (darker colors 





Figure S3. Soil thickness separated by aspect. 
 
 
Figure S4. Soil thickness versus plant, slope (degrees), curvature (1/cm), and distance 
from divide (m). 
 
Figure S5. Soil thickness versus position. 
 
 


































































































































































































































































































































































































































































































































































































































































































Figure S7. Plant morphology versus slope (degrees) and curvature (1/cm). 
 
 
Figure S8. Plant morphology (height and width, m). 
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Figure S10. Plant morphology separated by aspect and plant type. 
 
 






















































































































































































Figure S12. CN versus slope (degrees), curvature (1/cm), and distance from divide (m) 























































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S13. CN versus slope (degrees), curvature (1/cm), and distance from divide (m) 
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Figure S14. CN versus slope (degrees), curvature (1/cm), and distance from divide (m) 




























































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S15. CN versus slope (degrees), curvature (1/cm), and distance from divide (m) 






















































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S16. C and N versus slope (degrees), curvature (1/cm), and distance from divide 
(m) separated by aspect. 
  
y=13.63 + -0.19x; R2=0.002
y=11.45 + 0.82x; R2=0.080


























































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S17. Soil texture versus aspect. 
 
 
Figure S18. Soil texture versus hillslope position. 
 
 























































































































































































































































































Figure S20. Soil texture versus slope (degrees). 
 
 
Figure S21. Soil texture versus curvature (1/cm). 
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